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© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative 
Commons Attribution (CC BY) license, which allows users to download, copy and build upon 
published articles, as long as the author and publisher are properly credited, which ensures maximum 
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons 
license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Application of Stable Isotopes and Tritium in Hydrology” . . . . . . . . . . . . . . ix

Ines Krajcar Bronić and Jadranka Barešić
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Preface to ”Application of Stable Isotopes and Tritium

in Hydrology”

Studies of groundwater recharge and infiltration conditions, the mechanisms of mass transfer,

and mixing of waters with different compositions and ages are among the basic problems of geology

and hydrogeology. Isotopes of hydrogen (3H, 2H) and oxygen (18O) are perfect candidates for

groundwater tracers because they are constituent elements of the water molecule. Knowledge on

the isotopic composition (Δ18O, Δ2H and 3H activity concentration) in surface and groundwater has

found wide application in hydrology, as well as environmental studies in hydro-ecological systems.

The isotope techniques have proven to be effective tools for providing information that could not be

obtained by any other conventional means.

This Special Issue (SI) of the MDPI journal Water addresses the current state-of-the-art

applications of stable isotopes and tritium in studies of hydrological process and the whole

water cycle. The SI comprises six papers that passed the rigorous review by at least two

recognized international reviewers and extensive editorial checks. The compiled papers show a

wide variety of topics: isotope distribution in precipitation and groundwater on regional scales,

the relationship between isotopes in precipitation and ground and drip water in a karst area,

effects of evapotranspiration, and farming activities on water isotope composition. Three out of

six papers describe isotope studies in a karst area of Croatia, while the other papers consider

the Iberian Peninsula, the United States of America, and China. The papers describe isotope

applications in studies performed locally or regionally, but the conclusions obtained may be valid

worldwide. Precipitation, groundwater, and surface waters belong to classical water bodies, while

evapotranspiration, effects of farming, and drip water in karst caves seldom present applications of

water isotopes.

There is still a lot of work to be performed jointly by the authors, the reviewers and the editors

of the journal or Special Issues to enable a flawless transfer of ideas and acquired knowledge to

the interested readership. The availability of new techniques and instruments that enable the fast

measurement of a large number of small-sized samples at a reasonably good precision and a relatively

low price will certainly increase the number of publications within the topics in isotope hydrology.

We are looking forward to seeing new applications of the powerful isotope techniques.

Ines Krajcar Bronić, Jadranka Barešić

Editors
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The availability and quality of freshwater currently represent one of the great issues for mankind.
Increasing demand for freshwater (both ground and surface water), environmental pollution, and climate
change affects the water quality and changes its dynamics. Groundwater recharge and infiltration
conditions, the mechanisms of mass transfer, and the mixing of water with different compositions and
ages are among the basic problems of hydrology and hydrogeology that have been simultaneously
tackled by both conventional hydrological methods and by isotope methods. Isotope studies applied to a
wide spectrum of hydrological problems related to both surface and groundwater resources as well as
environmental studies in hydro-ecological systems present today an established scientific discipline, often
referred to as “Isotope Hydrology”. Isotope hydrology techniques have proved to be effective tools for
solving many critical hydrological problems and processes and in many cases, provide information that
could not be obtained by conventional means only.

Isotopes of hydrogen (3H, 2H) and oxygen (18O) are perfect candidates for groundwater tracers
because they are constituent elements of the water molecule. Among them, 3H (tritium) is the best
candidate for the determination of groundwater age, if we assume that groundwater “age” is the travel
time between recharge and discharge. Knowledge of the isotopic composition (δ18O, δ2H, including the
derived quantity deuterium excess (d-excess), and 3H activity concentration) in surface and groundwater
and its relation to the isotopic composition of precipitation have found wide application in hydrology,
such as the determination of the mean residence time of water in aquifers, the determination of recharge
areas, the interconnections between aquifers, the origin of groundwater, and the dynamics of processes in
surface waters.

A considerable number of studies on the use of isotope composition of various types of water have
been published recently. In addition to the growing awareness of the usefulness of isotope studies in
solving various hydrological problems, one of the main reasons for the increased number of isotope studies
is the development of new measurement techniques [1] that enable fast measurement of a large number of
small-sized samples at reasonably good precision and relatively low price.

This Special Issue (SI) of the MDPI journal Water, entitled “Application of stable isotopes and tritium
in hydrology” addresses the current state-of-the-art applications of stable isotopes and tritium in studies
of hydrological processes in various compartments of the water cycle. It can be considered as a sequel of
the previous SI, “Use of Water Stable Isotopes in Hydrological Process” [2]. However, this SI is the only
(closed) special issue of the journal Water—Hydrology and Hydrogeology Section that in the title explicitly
mentions “tritium”, the radioactive isotope of hydrogen of both natural (cosmogenic) and anthropogenic
origin ([3] and references therein). The massive injection of anthropogenic tritium from atmospheric
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weapon tests in the 1950s and 1960s caused an almost 1000-fold increase in tritium activity concentration in
precipitation, known as the “bomb peak”. As precipitation is the ultimate source of groundwater, the bomb
peak was quickly spread over the hydrosphere and the importance of tritium for studies of hydrological
processes has been recognized by numerous researchers. In the last decades of the 20th century, tritium
has been widely used to obtain time scales for physical processes in various hydrosphere compartments,
mostly for dating modern water and distinguishing modern recharges from water older than about 50
years. After the cessation of atmospheric nuclear tests, a gradual decrease in tritium activity concentration
in precipitation was observed worldwide until approximately the mid-1990s. After that, the mean annual
tritium activity concentration in precipitation is almost constant approaching the pre-bomb tritium level
and thus the present scientific value of tritium for hydrological applications has significantly declined [3].

This SI was announced and open for submission in November 2019, with a deadline of 24 May 2020.
However, due to the pandemic and lockdown over most of the world in spring 2020, the deadline was
extended to the end of July 2020. A total of nine papers were submitted for publication and they have
undergone a scrutinized review process. Eventually, six papers passed the rigorous review by at least
two recognized international reviewers and extensive editorial checks. The papers compiled in this SI
show a wide variety of topics: isotope distribution in precipitation [4] and groundwater on regional
scales [5], the relation between isotopes in precipitation and ground and drip water in a karst area [6,7],
effects of evapotranspiration [8], and farming activities [9] on water isotope composition. Three out of six
papers describe isotope studies in a karst area of Croatia [5–7], while the other papers consider the Iberian
Peninsula [4], the United States of America [8], and China [9]. In what follows we shortly describe the
most important aspects of the papers from this compilation and the main results presented.

Hatvani et al. [4] explored the spatial variation of oxygen and hydrogen stable isotope composition
(δp) and d-excess of precipitation across the Iberian Peninsula. The data from 24 monitoring stations of
the Global Network of Isotopes in Precipitation (GNIP) for October 2002–September 2003 were used,
while for October 2004–June 2006, the 13 GNIP stations were merged with 21 monitoring stations from
a regional network in NW Iberia. The research aimed to look for features of spatial variability of the
isotope composition of precipitation in the Iberian Peninsula, to determine the spatial representativity
of the regional precipitation monitoring network, and to provide an improved estimation for the spatial
distribution of precipitation water stable isotopes across the Iberian Peninsula. Spatial autocorrelation
structure of monthly and amount weighted seasonal/annual mean δp values were modeled, and two
isoscapes were derived for stable oxygen and hydrogen isotopes in precipitation with regression kriging.
Only using the GNIP sampling network, no spatial autocorrelation structure of δp could have been
determined due to the scarcity of the network. However, in the case of the merged and much denser
GNIP and NW dataset, for δp a spatial sampling range of ~450 km in the planar distance (corresponding
to ~340 km in geodetic distance) was determined. The range of δp, which also broadly corresponded
to the range of the d-excess, probably referred to the spatially variable moisture contribution of the
western Atlantic-dominated and eastern Mediterranean-dominated domains of the Iberian Peninsula.
The estimation error of the presented Iberian precipitation isoscapes, both for oxygen and hydrogen,
was smaller than the ones that were reported for the regional subset of one of the most widely used
global models, suggesting that the current regional model provided a higher predictive power. The
authors concluded that a sparser network (e.g., GNIP) might be representative and suitable for the Iberian
Peninsula, but its verification could only be done with a denser network. The results encourage the
development of precipitation stable isotope models at a sub-continental scale in further regions.

Brkić et al. [5] presented an overview of isotope investigations in both karst and alluvial aquifers in Croatia
at approximately 100 sites from the period 1997–2014. Stable isotopes of oxygen (δ18O) and hydrogen (δ2H)
were used as indicators of the recharge condition, while tritium (3H) was used to estimate an approximate
mean groundwater age and for that the qualitative criteria were used to distinguish water recharged prior to the

2



Water 2021, 13, 430

1950s (<0.8 TU, sub-modern water), a mix of sub-modern and modern water (0.8 to about 4 TU), modern water
(5 to 15 TU), waters containing “bomb” tritium (15–30 TU), and waters recharged in the 1960s to 1970s (>30
TU). The regional meteoric water lines (RMWL) were determined for the continental part (δ2Hp,cont = (7.400 ±
0.005) δ18O + (4.1 ± 0.5), R2 = 0.99, n = 524) and the coastal part of Croatia (δ2Hp,coast = (7.00 ± 0.08) δ18O +
(4.4 ± 0.5), R2 = 0.96, n = 655). The composition of the stable isotopes of groundwater originated from recent
precipitation and was described by regional groundwater lines (RGWL) that closely resembled the RMWLs:
groundwater accumulated in the aquifers in the Pannonian (continental) part of Croatia can be described by
δ2Hg,cont = 7.4 δ18O + 5.5, n = 255, R2 = 0.93, and groundwater accumulated in the Dinaric karst of Croatia by
δ2Hg,coast = 7.0 δ18O + 4.2, n = 340, R2 = 0.96. The d-excess values of karst groundwater varied between 6‰
and 17‰ and increased with altitude; the catchment areas at relatively high altitudes and under the influence
of the Mediterranean air masses showed the highest d-excess values, while the lowest d-excess values were
determined in springs with catchment areas at relatively low altitudes and affected by the Atlantic air masses.
The individual d-excess values of groundwater in the continental (Pannonian) region varied between 7.8‰
and 14.4‰. Higher values were again attributed to the influence of Mediterranean precipitating air masses.
Most of the d-excess values in the groundwater samples in the Sava basin, Eastern Slavonia ranged from 10‰
to 12‰. Here the mean residence time of the groundwater was relatively long and, accordingly, the different
individual precipitation contributions to groundwater were well mixed and their variations were dampened in
the groundwater samples. Opposite to this, a wide range of d-excess values was found in the groundwater
samples with relatively short mean residence time. The isotope content showed that the studied groundwater
was mainly modern water making such water relatively vulnerable to the potential sources of environmental
pollution. A mix of sub-modern and modern water was mostly accumulated in semi-confined porous aquifers
in northern Croatia, deep carbonate aquifers, and (sub)thermal springs, which puts groundwater in these areas
in a better position regarding vulnerability and pollution risks. This paper presents an important contribution
to regional knowledge on groundwater hydrology obtained by applying tracers such as stable isotopes and
tritium. The presented results may be useful for future studies on the isotopic composition of groundwater in
Croatia and in nearby countries.

Although Brkić et al. [5] included about 100 sites from two regions in Croatia, they did not include
the area of the Plitvice Lakes (PL) that presents a unique karst geomorphological system of 16 cascade
flow-through lakes that are fed by three main springs and outflow to the Korana River. Krajcar Bronić
et al. [6] presented various isotope studies of different types of water bodies (precipitation, groundwater,
surface lake and river water, lake water from traps at certain depths) from the early period of isotope
applications (since 1979) to the most recent ones (2018). The aim of the paper was to evaluate the most
important hydrological inputs to the Plitvice Lakes and to detect possible effects of climate change on
karst groundwater. The study included tritium, 2H, and 18O, and available climatological data (amount
of precipitation, air temperature) in a search for evidence of climatological changes. An increase in the
mean annual air temperature of 0.06 ◦C/year and the annual precipitation amount of 10 mm/year was
observed for the PL area. The good correlation of the tritium activity concentration in the PL and Zagreb
precipitation (discussed in detail in [3]) implied that the tritium data for Zagreb were applicable for the
study of the PL area. The best local meteoric water line at PL was obtained by the reduced major axis
regression (RMA) and precipitation-weighted ordinary least squares regression (PWLSR) approaches that
gave also the best results for the closest precipitation stations Zagreb and Zadar: δ2HPWLSR = (7.97 ± 0.12)
δ18O + (13.8 ± 1.3), n = 36. The higher deuterium excess at PL (14.0 ± 2.2‰) than that at Zagreb (8.8 ±
0.8‰) in the same period reflected the higher altitude and influence of the Mediterranean precipitation at
PL. The δ2H in precipitation ranged from −132.4‰ to −22.3‰ and δ18O from −18.3‰ to −4.1‰. The
much narrower ranges in the groundwater (<1‰ in δ18O, <10‰ in δ2H) indicated good mixing of waters
in the aquifers. The higher average δ2H in all three karst springs observed after 2003 was attributed to
the increase in the mean air temperature. The mean δ2H and δ18O values in the surface and lake water
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increased downstream due to the evaporation of surface waters. It was shown that the stable isotope
composition of surface and lake waters reacted to extreme weather conditions (intense precipitation events
and snow melting). Tritium activity concentration was used to determine the mean residence time (MRT)
in three karst springs (range 2–4 years). Extreme hydrological conditions in 1983 (very low flow rate) and
1984 (high flow rate due to snow melting) enabled the determination of relative contributions of base-flow
and precipitation in the three karst springs: the shorter the MRT, the higher proportions of precipitation.
To conclude, the long-term and comprehensive isotope study of different water bodies in the area of the
Plitvice Lakes can serve as an example of how the application of water isotopes (2H, 18O, 3H) can help in
the characterization of karst aquifers on regional and global scales.

Dinaric karst covers almost half of the Croatian territory [7], including islands and the Adriatic coast,
high mountain regions, and part of central Croatia. The karst region is characterized by various forms
of secondary carbonate sediments, like speleothem, tufa, or carbonaceous lake sediments. Speleothems
deposited from cave drip waters retain in their calcite lattice isotopic records of past environmental changes
and thus present the natural archives which confidentially record hydroclimate changes. Among other
proxies, δ18O is recognized as very useful for this purpose, but its accurate interpretation depends on
understanding the relationship between precipitation and drip water δ18O, a relationship controlled by
climatic settings. Under equilibrium deposition conditions, speleothem δ18O depends solely on cave
air temperature and drip water δ18O. In that case, the underground environmental changes respond to
long-term climate changes and are recorded in the isotopic composition of slow-growing speleothems.
Establishing cave hydroclimate monitoring is critical to assess variability in these two parameters. Surić
et al. [7] analyzed isotope data of precipitation and drip water from 17 caves from different latitudes
and altitudes in relatively small but diverse Croatian karst regions in order to distinguish the dominant
influences. Stable isotope composition of precipitation collected at sites near the caves showed that
local meteoric water lines (LMWL) lie between the Global MWL (δ2H = 8 δ18O + 10) and the Western
Mediterranean MWL (δ2H = 8 δ18O + 13.7). Although slopes of the LMWLs were systematically lower
(between 6.6 and 7.8) than the slope of the GMWL, a distinct difference was obtained between the
northern continental stations (slope closer to 8) and maritime sites with lower slopes indicating enhanced
secondary evaporation. Drip water δ18O in colder caves generally resembled the amount-weighted mean
of precipitation δ18O. In these caves, in near-equilibrium calcite precipitation, speleothem δ18O variations
can reflect past meteoric precipitation and air temperature. At warmer sites, where evaporation played
an important role, drip water δ18O was usually more negative than the amount-weighted average δ18O
in precipitation. However, during glacial periods, today’s “warm” sites were cold, changing the cave
characteristics and precipitation δ18O transmission patterns. Superimposed on these general settings,
each cave has site-specific features, such as morphology (descending or ascending passages), altitude
and infiltration elevation, (micro) location (rain shadow or seaward orientation), aquifer architecture
(responsible for the drip water homogenization), and cave atmosphere (governing equilibrium or kinetic
fractionation). This necessitates an individual approach to each cave and thorough monitoring for best
comprehension. The authors stress that this approach should be the first and foremost guiding principle
against which all actions need to be conducted worldwide in forthcoming studies of paleoclimate and
paleo-environmental conditions based on cave speleothems.

Evapotranspiration (ET) is a process in the terrestrial hydrological cycle that accounts for evaporation
(E) from the soil, open water, and canopy-intercepted water, and transpired (T) water from vegetation. ET
constitutes a large percentage of the water cycle in most environments, and up to 95% in arid environments,
being, therefore, an important water flux at a variety of spatial scales. Adkinson et al. [8] presented the
potential of high-frequency partitioning ET into its constituent fluxes, T and E, which is important for
understanding water use efficiency in forests and other ecosystems. Recent advancements in cavity
ring-down spectrometers (CRDS) have made collecting high-resolution (temporal) water isotope data
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possible in remote locations, but this technology has rarely been utilized for partitioning ET in forests and
other natural systems. To understand how the CRDS can be integrated with more traditional techniques,
they combined stable isotope, eddy covariance, and sap flux techniques to partition ET in oak woodland
in Texas, USA, using continuous water vapor CRDS measurements and monthly soil and twig samples
processed using isotope ratio mass spectrometry (IRMS). They also wanted to compare the efficacy of
δ2H versus δ18O within the stable isotope method for partitioning ET. The isotopic composition (δ2H
and δ18O) of atmospheric and precipitation samples fell closely along the global meteoric water line
(GMWL), while the soil samples fell to the right of the GMWL, indicating preferential evaporation of
lighter isotopologues of water and soil enrichment with the heavier isotopologues. These results indicated
the evaporative fractionation of soil water and an appropriate degree of separation between the signals
of twig and soil water isotope ratios. It was shown that average daytime vapor pressure deficit and soil
moisture could successfully predict the relative isotopic compositions of soil and xylem water, respectively.
Contrary to past studies, δ2H and δ18O performed similarly, indicating CRDS can increase the utility of
δ18O in stable isotope studies. However, they found a 41–49% overestimation of the contribution of T
to ET when utilizing the stable isotope technique compared to traditional techniques (reduced to 4–12%
when corrected for bias), suggesting there may be a systematic bias to the Craig-Gordon Model in natural
systems. This study demonstrated the utility of using a combination of stable isotopes, sap flux, and
eddy covariance techniques to partition ET in oak woodland and introduced a novel methodology using
CRDS water vapor isotopes. However, the authors pointed out the need for further refinement of the
methodology, particularly in natural systems, to reconcile potential biases inherent in this approach, and
to test the proposed models under various natural conditions.

Landform changes caused by human activities can directly affect the recharge of groundwater and
are reflected in the temporal and spatial changes in groundwater stable isotope composition. These
changes are particularly evident in high-intensity farming areas. Together with recent climate changes,
they may influence local and regional water resources management and sustainability of local life.
Liu et al. [9] tested and analyzed groundwater stable isotope samples at different elevations of rice
terraces in a typical agricultural watershed of the Hani Terraces, a World Heritage Cultural Landscape in
southwest China. They analyzed the features of the elevation effect on the oxygen and hydrogen isotopic
composition of groundwater across month and year; analyzed and identified the influencing mechanisms
of land-use change caused by farming activities on the elevation gradient of groundwater isotopes from
a spatial perspective; estimated the recharge cycle and period of regional groundwater from a temporal
perspective using the deuterium excess, and deepened the understanding of how farming activities can
improve groundwater recharge efficiency and maintain agricultural sustainability. They determined the
characteristic variations and factors that influence the temporal and spatial effects on groundwater stable
isotopes in the Hani Terraces, which are under the influence of high-intensity farming activities. The
relation between δ2H and δ18O in groundwater was described as δ2H = 4.98 δ18O − 15.01, R2 = 0.92, n
= 144, with no significant difference between the rainy and dry seasons, and with the slope lower than
the LMWL slope of 8.31. The elevation gradients of δ18O and δ2H in groundwater were significantly
increased due to farming activities when compared to the altitude gradients of precipitation. The values
were −0.88‰ (100 m)−1 and −4.5‰ (100 m)−1, respectively, and they changed with time. The authors
proposed using the elevation gradient of groundwater as a key index for assessing groundwater recharge.
The groundwater circulation cycle was determined to be approximately three months, based on variations
in the deuterium excess value of groundwater. The authors used the special temporal and spatial variation
characteristics of the groundwater isotopes to evaluate the source and periodic changes of groundwater
recharge. In addition, high-intensity rice farming activities, such as plowing every year from October to
January, can increase the supply of terraced water to groundwater, thus ensuring the sustainability of rice

5



Water 2021, 13, 430

cultivation in the terraces during the dry season. This demonstrates the role of human wisdom in the
sustainable and benign transformation of surface cover and the regulation of groundwater circulation.

Finally, we can proudly conclude that the six scientific papers belonging to this SI showed a wide
variety of isotope applications in various studies performed locally or regionally, but the conclusions
obtained may be valid worldwide. Precipitation, groundwater, and surface waters belong to classical
water bodies, while evapotranspiration, effects of farming, and drip water in karst caves present relatively
seldom applications of water isotopes.

As authors, guest editors, and reviewers of various manuscripts submitted to Water and other MDPI
journals, we consider that the following reflections (or “lessons learned”) could be useful for future
publications. The use of appropriate and unified terminology is a major issue to be resolved by the joint
effort of authors, reviewers, and editors. Correct and clear language is also indispensable for the flawless
transfer of ideas and acquired knowledge. Suitable use of statistics (both the choice of statistical methods
and statistical expression of results with uncertainties and significance levels) should be a prerequisite for
scientific conclusions based on a large number of individual data, as is often the case in long-term studies.
Clear graphical presentations and appropriate presentation of data in tables must not be forgotten, as well
as the presentation of raw data, usually as supplementary files, and proper referencing.

The Guest Editors are looking forward to the continuation of this SI through the new Special Issue
“Isotope Fingerprints of Precipitation in Groundwater, Lakes and Rivers” which is open for submission
until 30 October 2021. As has been mentioned many times, precipitation is the ultimate source of
groundwater and surface water. Recent climate change has also caused variations in the amount of
precipitation and their isotopic composition. Lack of precipitation can cause deterioration of surface
water discharges and a decrease in groundwater levels which can lead to water scarcity for both human
consumption and ecosystem needs. On the other hand, an extreme amount of precipitation can cause
problems such as flooding. Variations in the isotopic composition in precipitation are reflected in the
isotopic composition of groundwater and surface waters (rivers and lakes), and, therefore, the isotope
composition of all three water body types will help detect any change in these inter-dependent systems
caused by climate change, anthropogenic activities, or natural disasters such as volcanic eruption, regional
fires, etc. This new SI of Water will focus on this relationship, not just taking into account 18O and 2H but
all isotopes and hydrogeological parameters that can provide information about water resources.
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Abstract: The isotopic composition of precipitation provides insight into the origin of water vapor,
and the conditions attained during condensation and precipitation. Thus, the spatial variation of
oxygen and hydrogen stable isotope composition (δp) and d-excess of precipitation was explored
across the Iberian Peninsula for October 2002–September 2003 with 24 monitoring stations of the
Global Network of Isotopes in Precipitation (GNIP), and for October 2004–June 2006, in which 13
GNIP stations were merged with 21 monitoring stations from a regional network in NW Iberia. Spatial
autocorrelation structure of monthly and amount weighted seasonal/annual mean δp values was
modelled, and two isoscapes were derived for stable oxygen and hydrogen isotopes in precipitation
with regression kriging. Only using the GNIP sampling network, no spatial autocorrelation structure
of δp could have been determined due to the scarcity of the network. However, in the case of
the merged GNIP and NW dataset, for δp a spatial sampling range of ~450 km in planar distance
(corresponding to ~340 km in geodetic distance) was determined. The range of δp, which also
broadly corresponds to the range of the d-excess, probably refers to the spatially variable moisture
contribution of the western, Atlantic-dominated, and eastern, Mediterranean-dominated domain of
the Iberian Peninsula. The estimation error of the presented Iberian precipitation isoscapes, both for
oxygen and hydrogen, is smaller than the ones that were reported for the regional subset of one of
the most widely used global model, suggesting that the current regional model provides a higher
predictive power.

Keywords: geostatistics; isotope hydrometeorology; oxygen and hydrogen stable isotopes; isoscape;
atmospheric moisture

1. Introduction

Since the discovery that isotopic composition of precipitation can give an insight into the origin of
water vapor, the conditions attained during condensation and precipitation [1], stable water isotopes
have become important natural tracers in the study of the water cycle [2,3]. Isotope ratios in precipitation
mainly depend on geographic position and climate conditions [1,4]. In Europe, the continental, altitude,
and latitude effects are the most important [5].

Our understanding of the behavior of water isotopes has rapidly improved thanks to recent
advances in the measurement and modeling of stable water isotopes [6]. The spatial autocorrelation
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structure of the characteristics of isotopes is a feature of precipitation that has not been extensively
studied, despite the fact that the geostatistical assessment of water stable isotopes in precipitation
(δ18Op, δ2Hp) recorded at multiple monitoring stations can provide additional information that cannot
be retrieved from single-station studies, and is therefore unavoidable in the exploration of the spatial
representativeness of a regional monitoring network [7]. One reason for the scarcity of geostatistical
studies on δ18Op and δ2Hp records might be that a large number of stations in a relatively well
populated network is required if a geostatistical evaluation is to be conducted.

Interpolated maps representing the global distribution of water stable isotopes in precipitation
have been produced with geostatistical approaches of different complexity. These range from more
simple models using common regression analysis (e.g., [8]) or geostatistical interpolation (e.g., [9,10])
to more complex regression-kriging approaches employing different auxiliary factors on regional
scales [11–15] and on a global scale [16,17]. Isoscapes that are derived by complex geostatistical
models will better approximate the actual variability of isotopes in precipitation, thus help researchers
within the hydrological community and in other fields that leverage these products [3]. These
products later on serve as benchmarks in many fields of science, e.g., hydrogeology [3,18], ecology [19],
food source traceability [20], and forensic sciences studies [21]. However, a solid knowledge of the
spatial autocorrelation/dependence structure of precipitation stable isotopes (δp) can be crucial to the
derivation of precipitation isotopic landscapes (isoscapes), which are used to estimate local isotopic
composition of precipitation as a function of observed local and/or extra local environmental variables
across space and time while using gridded environmental data sets [22].

A global isotope-hydrometeorological monitoring network (GNIP—Global Network of Isotopes
in Precipitation) was launched in the 1960s [4,23]. A European sub-region with one of the highest
abundances of precipitation isotope monitoring stations can be found on the Iberian Peninsula
(Figure 1). The first GNIP station to measure precipitation stable isotopes on the Peninsula was
in Gibraltar, operating between October 1961 and February 1966, and later, from December 1972
onwards, providing continuous monthly data. The basic characteristics of precipitation stable isotopes
have been assessed for both Spain [24] and Portugal [25], but a thorough geostatistical analysis of
the whole peninsula has yet to be conducted. Recent results from large-scale moisture transport
modeling presented spatiotemporally variable moisture contribution for the Iberian Peninsula [26,27].
However, former isotope hydrometeorological studies that were conducted on a sub-region and/or
employing a limited number of stations, reported contradictory results in this respect. For instance,
the springtime dominance of the Mediterranean-sourced precipitation was reported for southern
and eastern Spain [28], while others conveyed that the Atlantic Ocean is the main vapor source over
the Iberian Peninsula [29]. Assessing the spatial autocorrelation structure of precipitation stable
isotope data retrieved from an extensive set of station record could provide a new perspective in this
debate, since the isotopic composition of local precipitation is primarily controlled by regional scale
processes [30].

Models and derived maps for the spatial distribution of precipitation water stable isotopes across
the Iberian Peninsula are available as a part of global isoscapes [16,31] or were only developed for a
sub-domain of the peninsula while using only a limited set of available measurements [29].

The aim of this research was to look for features of spatial variability of δp in the Iberian Peninsula,
other than those related to well-known isotopic effects in an explorative approach. Specifically, to
(i) determine the spatial representativity of its precipitation monitoring network and (ii) provide
an improved estimation for the spatial distribution of precipitation water stable isotopes across the
Iberian Peninsula.
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2. Materials and Methods

2.1. Study Area

The Iberian Peninsula is located in the mid-latitudes of the Northern Hemisphere between the
Mediterranean Sea and the Atlantic Ocean. Four major climate zones may be delineated on the
peninsula (Figure 1A). The greater part might be categorized as warm temperate, with dry, hot, or cool
summers (Köppen codes: Csa/Csb, respectively; Figure 1A), where dry hot summers are dominant
(Csa;), and the value of δp had risen to around zero during the light summer rains (Gibraltar, Figure 1C).
The values of d-excess (d = δ2H – 8 × δ18O, [1]) indicate an intra-annual trend with the minimum being
reached in mid-summer.

Cool summers are more frequent (Csb) in the northwestern parts of the peninsula. The proximity
of the ocean causes both milder winters and cooler summers, as well as provides an abundant
moisture supply, giving a fair amount of annual precipitation evenly distributed over the year [32].
Precipitation δ18O values are usually below −3‰, peaking in August with a dampened intra-annual
trend characteristic of d-excess as well (e.g., La Coruña; Figure 1B). This was generally below 10‰.

Cold, semi-arid (BSk) conditions are prevalent in the more elevated central and southeastern
regions of the peninsula. These result in the most characteristic intra-annual pattern in terms of stable
isotopic features of precipitation. In Madrid, for instance, the seasonal amplitude of δ18Op is ~12‰ and
the maximum δ18Op occurs in mid-summer (July) (Figure 1E). A similar δ18Op pattern was reported
for the years 2000–2002 [24]. Monthly d-excess values are characteristically below 10‰.

Humid warm summers (Cfb) characterize the northern sector of the peninsula, in the vicinity of
the Pyrenees and along the Cantabrian coast. Here, precipitation δ18O shows a minimum value in
February and a maximum in May (e.g., Santander, Figure 1D). Deuterium-excess displays a relatively
small degree of seasonal fluctuation, with monthly values characteristically above 10‰.

The most important moisture sources for the region are the tropical-subtropical North Atlantic
corridor, the western Mediterranean basin, and recycled water from the Iberian land-mass, though
to a varying extent intra-annually. In winter, the Atlantic serves as almost the exclusive moisture
source in the western parts of the peninsula [26], and no influence from the Mediterranean moisture
could be detected west from ~5◦W longitude [27]. In summer, the western Mediterranean region
provides almost twice as much moisture as North Atlantic, and it has a stronger effect in the eastern
regions [26,27].

2.2. Used Materials

Precipitation oxygen and hydrogen stable isotope composition is conventionally expressed in δ
values: the ratio between the heavy and light stable isotopes (i.e. 18O/16O or 2H/1H) in the sample when
compared to the Vienna Standard Mean Ocean Water (V-SMOW), being expressed in per mill [33].

Monthly δp values were acquired from 32 Iberian stations of the Global Network of Isotopes in
Precipitation (GNIP). The available data were unequally distributed in time and space (Figures 1 and 2).
Historically, after Gibraltar, the second station was Faro, while the GNIP network on the peninsula
became spatially extensive after May 1988, with 10 stations. Between 1992 and 1998, the number
of simultaneously operating stations once again fell to ~5. The number of operating stations was
usually ≥15 between 1998 and 2011, after which once more, only two stations, Gibraltar and Riells,
were gathering samples [23]. The point at which the network was at its most extensive was in January
2003, when 24 monitoring sites were operating simultaneously (Figure 2). In the period assessed here
(October 2002–September 2003), the same number of data were generally available for both water
stable isotopes, although, in certain cases, the δ18O records were more abundant (red line in Figure 2).
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Figure 1. The Iberian Peninsula, with precipitation stable isotope measurement networks and Köppen
climate zones [34]. The 24 stations of the Global Network of Isotopes in Precipitation (GNIP) network [23]
functioning between October 2002–October 2007 (red solid circles), and two regional networks (NW: [35];
and SE: [36]) are marked with blue solid circles and black circles, respectively (A). The seasonal cycle of
δ18Op and d-excess of precipitation of the four characteristic climate zones (B, C, D, E) was computed
for mean monthly data of a common six-yr-long (2001–2006) reference period. The color coded Köppen
climate zones [34] overlaid on the World_Terrain_Base basemap (Sources: Esri, USGS, NOAA) in
ArcMap 10.5 [37]. The red area on the Europe inset map shows the Iberian Peninsula.

The opportunity arose to expand the GNIP dataset with precipitation stable isotope data from
two regional monitoring campaigns (Figures 1A and 2). In the first case, 21 stations were available in
NW Iberia (October 2004–June 2006) [35]. In the second case, 10 stations (May 2006) and 19 stations
(April 2007) were available from SE Iberia [36]. The SE regional network is located in a spatially more
confined mountainous area with abrupt differences in elevation between neighboring sites, while that
in the NW is better distributed, both vertically and horizontally over a larger region. Unfortunately,
merging the GNIP and SE Iberia datasets drew attention to a critical lack of spatial homogeneity
(Figures S2–S4), and this turned out to be unsuitable for use in the geostatistical analysis (for details,
see Electronic Supplementary Materials), unlike the combination of the GNIP and the NW network.
In the latter case, the average number of stations with available records from the GNIP database (~13)
increased to ~34 for the period October 2004 to June 2006 (Figures 1 and 2).

The precipitation records archived alongside monthly δp values in the GNIP database were found
in some cases to have gaps and/or be erroneous, raising questions regarding the calculation of seasonal
and annual precipitation-amount weighted averages from monthly δp values. Therefore, gridded (0.5◦
× 0.5◦) monthly rainfall totals from the Global Precipitation Climatology Centre (GPCC) database [38],
derived as precipitation anomalies at stations interpolated and then superimposed on the GPCC
Climatology V2011 [39], were utilized instead. Nevertheless, there were some discrepancies between
the monthly precipitation in the GNIP records and the corresponding GPCC values: rmin = 0.82
(Gibraltar), rmax = 0.99 (Almeria Aeropuerto), and rmean = 0.95 (17 GNIP stations) for 2000–2013.
An obvious advantage of the gridded data set is the lack of gaps and the fact that it is less prone to
single-station error.
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Figure 2. Number of δp records obtained from the GNIP stations and the NW [35] and SE regional
networks [36] for the period 1973–2015, during which continuous measurements were performed. The
blue vertical rectangle represents the period for which only the GNIP δp records were assessed (October
2002–September 2003; avg. 21 stations). The green rectangle marks the period when the GNIP data was
merged with the δp records from the NW network (October 2004–June 2006). The horizontal green
line represents the average number of functioning stations [35] in the latter period. The purple lines
indicate the number of records of the merged GNIP and SE network [36] for May 2006 and Apr 2007,
resulting in 24 and 33 records, respectively.

2.3. Methodology

2.3.1. Steps of the Analysis and Preprocessing

The first step in data preprocessing was to numerically check the δp values for database errors
(e.g., typos, sign errors) [40]. For example, very negative d-excess values, occasionally even lower than
−10‰, corresponding to a monthly precipitation total exceeding 5 mm was all carefully compared
to the surrounding stations. The negative d-excess value was interpreted as evidence of evaporative
enrichment of the sample and it was discarded from the evaluation if no neighboring stations reported
similarly extreme d-excess value for the given month. In addition, in July 2003 at GNIP station Madrid,
somewhat improbably, the same values were found as in June, without any precipitation in July being
recorded at that site. Consequently, the fact that the June values reappeared in July was suspected to
be a database error, and was thus omitted.

Due to the low amount, or frequently the complete lack of precipitation in summer in southern
and eastern Iberia (Figure 1), the May to August monthly data were discarded from the analysis
(grey bars in Figure 3). Nevertheless, the summer (defined as April to September) seasonal average
was calculated, despite the unrealistically low values of d-excess and high values of δp, because
the corresponding precipitation amounts were also low, having only a small impact on the amount
weighted summer seasonal value.
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Figure 3. The number of precipitation stable isotope records in the initial monthly and
multi-monthly datasets before and after preprocessing entered into the semivariogram analysis.
Winter: October–March; summer: April–September. Grey bars represent the months omitted from the
analysis, see text for details. The open part of a column indicates that some values were discarded after
the quality check of the raw data (see Section 2.3.2).

An amount-weighted mean was only calculated for a period (season, year) if at least 75% of the
fallen precipitation was analyzed for the given isotope. This required completeness is a bit stricter
criterion than the GNIP protocol (70%) [40].

2.3.2. Multiple Regression Analysis

Trend-like tendencies in δp over large distances across the Iberian Peninsula have been
documented [24,29,35]. These empirical relationships of δp with geographical factors (e.g., altitude
effect) may mask the finer scale spatial autocorrelation patterns, which are the focus of interest in
the present investigation. The effect of the geographical factors influencing the water stable isotopes’
variability in precipitation first has to be minimized in order to obtain representative results with
variography (Section 2.3.3), i.e. the spatial trend has to be removed from the data to obtain second-order
stationarity [41]. Thus, the effect that was linked to the geographical factors was minimized by
computing best-fit multiple regression models and determining their residuals.

The investigation was conducted while using the stepwise procedure suggested by O’Brien, with
latitude, longitude (Web Mercator EPSG: 3857), elevation, and geodetic distance from the coast as the
independent predictor variables, and the primary precipitation stable isotope values as the dependent
variables [42]. Of the four independent variables, the first three were found to be applicable to the
minimalization of the effect of geographical factors influencing the raw δp records. Probabilities ranged
between p < 2.9× 10−8 and p < 0.04, variance inflation was negligible (Variance Inflation Factor < 1.187),
and the average adjusted values of R2 were 0.63 and 0.58 for δ18Op and δ2Hp, respectively (Table S1).
No trend removal was found to be necessary in the case of the derived isotopic parameter (d-excess).
A similar multiple regression approach was applied to determine the degree of dependence of δp on
the geographical variables in Central America [43]. However, the advantage of the present approach is
that it uses Variance Inflation Factor to control possible multicollinearity [42].

Moran’s I global statistic [44] was calculated (binary weighting, bandwidth = 4) for all three
isotopic parameters, to investigate whether the residuals carry significant spatial information vital for
the derivation of the desired isoscapes.
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2.3.3. Variography

The basic function of geostatistics, the variogram, was used to explore the spatial autocorrelation
structure of δp and d-excess in the Iberian Peninsula. The empirical semivariogram might be calculated
while using the Matheron algorithm [45], where γ(h) is the semivariogram and Z(x) and Z(x + h) are
the values of a parameter sampled at a planar distance |h| from each other

γ(h) =
1

2N(h)

N(h)∑
i=1

[Z(xi) −Z(xi + h)]2 (1)

N(h) is the number of lag-h differences. The most important properties of the semivariogram are
the nugget, quantifying the variance at the sampling location (including information regarding the
error of the sampling), the sill (c), that is, the level at which the variogram stabilizes, and the range (a),
which is the distance within which the samples have an influence on each other and beyond which
they are uncorrelated [46]. Note here, that reported ranges in the study are planar distances (dplanar)
in km (EPSG: 3857), unless otherwise reported; estimated average conversion in the region: dplanar

× 0.755 = dgeodetic. In practice, an obtained range is usually attributed to environmental processes
that act on the same scale as the range of the specific variable [46], and they are known to have a
physical relationship with the assessed variable. In addition, a nugget-type variogram is obtained if
the semivariogram does not have a rising part and the points of the empirical semivariogram align
parallel to the abscissa. In this case, the sampling frequency is insufficient for estimating the sampling
range while using variography [13].

The semivariograms that were derived from the monthly GNIP data required 10 bins and a
maximum lag distance of 540 km to achieve the most uniform number of station pairs in the analysis,
while, in the case of those from the extended dataset, these figures were 20 bins and a maximum lag
distance of 660 km. For geostatistical modeling (e.g., kriging), theoretical semivariograms have to be
used to approximate the empirical ones [47]. In practice, the spherical and Gaussian models are among
the most commonly used theoretical semivariograms. These were, in fact, applied in the present study
by least squares model fitting [48]. While a spherical model displays a linear behavior at the origin and
the sill is reached at a, a Gaussian has a repressed slope (tangent with zero slope at the origin), and its
sill is a limited value that might be approximated to an infinitesimal degree, but never reached. Thus,
in the case of the Gaussian model, a practical and an effective range ae = a × √3 have to be determined;
ae is then used for further geostatistical modeling [46,49].

As the final step in the data preprocessing, semivariogram clouds were utilized to search for
additional outlying values. These then had to be omitted following a detailed investigation, resulting
in the final set and number of data as the input for the variography (Figure 2). The amount weighted
seasonal averages were only calculated after this step has been taken; hence, monthly values that were
omitted on the basis of the semivariogram clouds were also treated as missing isotopic parameters.

2.3.4. Isoscape Derivation with Kriging

The isoscape was derived with a three step residual kriging procedure [12,13,31,50]. As a first
step, an initial grid (10 × 10 km) of stable isotope variation was derived in the region described by the
multiple regression model of the supposedly driving geographic variables (LAT, LON, ELE; for details,
see Sect. 2.3.2). Next, an interpolated (ordinary point kriging) residual grid was modelled while using
the theoretical semivariogram (Section 2.3.3) that was fitted on to the residuals of the multivariate
regression model. Note here that a methodological comparison testing various interpolation methods
for the residual field of δp in the central and eastern Mediterranean region reported that the best results
were obtained while using ordinary kriging to derive the residual grid [50]. Finally, the initial and
residual grids were summarized to obtain the final isoscape.

All of the computations were performed while using Golden Software Surfer 15, GS+ 10, and the
raster [51] and lctools [52] packages in R [53]. The digital elevation model was retrieved from Shuttle
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Radar Topography Mission data [54] while using Global Mapper. Gimp 2.8 and MS Excel 365 were
used for certain visualizations of the results.

3. Results and Discussion

The obtained significant (p < 0.05) global Moran’ Is for each isotopic parameter range between 0.18
and 0.27, indicating positive spatial autocorrelation in the residuals. This encouraged the incorporation
of the ‘residual spatial patterns’ in the derivation of the isoscapes with variography.

3.1. Variography Using GNIP Data

Variogram analysis was first conducted on monthly residuals of the δp records of GNIP stations,
and then the amount weighted seasonal averages (winter: October–March; summer: April–September)
and the annual residuals (Table S2). With regard to δ18Op, three of 12 the semivariograms (two monthly,
January, March see Figure 4A, and one seasonal, summer) were of the nugget-type, while, in the case
of δ2Hp, this was true for two of the 12 cases (two monthly: January, March). Turning to d-excess,
eight out of 12 semivariograms (five monthly: October, November, January, February, March see
Figure 4B, 2 seasonal: summer, winter, and the annual) were of the nugget-type.

Figure 4. Empirical semivariograms of δ18Op and d-excess for March 2003 (A, B, respectively) and
December 2002 (C, D, respectively). The semivariograms from the March data are of the nugget-type,
while the December ones have a rising section. The numbers next to the empirical semivariogram (black
dots) show the data pairs within a given distance (bin width was 54 km) behind the semivariograms.
The dashed line indicates the average variance.
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Unfortunately, a fair portion of the theoretical semivariograms proved to be unsatisfactory due to
the lack of data from short distances. There is no month for which it can be said that there are both (i)
stations sampling within a 50 km of each other and (ii) more than two stations sampling simultaneously
in a 100 km distance. Worse still, in e.g., March 2003, there was no station pair sampling within
a 100 km radius (Figure 4A,B), a critically low degree of coverage. Therefore, the small variances
over short distances were not observed, only large variance over long distances. Unfortunately, the
fitting of theoretical semivariograms was not performed because of the low number and the lack of
station pairs at the shortest distances, even in those cases where the semivariogram did outline a rising
section (Figure 4C,D). Besides the spatial deficiency of the GNIP network discussed above, the partial
evaporation of raindrops [55] during the events with only a few millimeters of precipitation—typical
in hot Mediterranean summers—can also result in local noise, further encumbering the geostatistical
analysis of the δp signal. The fact that unusual δp characteristics were reported for S Europe [56,57]
during the severe European heat waves of 2003 [58] seems to concur with this statement.

3.2. Variography Using the Extended Database

There was a unique opportunity to extend the δp records of the GNIP stations with an additional
dataset [35] covering a two year period (October 2004–June 2006; Figures 1 and 2). The station network
of this regional ad hoc sampling campaign provided a seamless union with the coexisting GNIP data
set (Figure S1). The merged dataset had a greater amount of short distance data pairs than that from
the GNIP stations. The Gaussian semivariograms that were fitted to the empirical variograms of δ18Op

(Figure 5A) and δ2Hp (Figure S5) obtained from the merged GNIP & NW dataset indicated a ~510 km
and a ~420 km range, respectively. For the d-excess, a spherical semivariogram indicated a range of
~440 km (Figure 5B). If these ranges are considered to define the isotropic impact areas, the extended
network provides full spatial coverage of the peninsula regarding all three parameters (Figure 5 and
Figure S5).

In the meanwhile, a shorter spatial range (below ~100 km) seems to be present in the case of the
primary isotopic variables, however this remains speculative and needs further investigation.

The determined spatial range (average ~450 km in planar distance) indicated by the primary
isotopic parameters and the range of d-excess refer to a substantial change in the spatial correlation
structure of isotopes in precipitation at the scale of the zonal extension of the peninsula. The
spatiotemporal variability of moisture contribution over the Iberian Peninsula can link this observation.
Studies agree that the Atlantic Ocean and the Mediterranean Sea are the primary marine moisture
sources, with a varying degree of spatial- and intra-annual dominance over the peninsula [26,59].
In addition, a characteristically different isotope-hydrological signature is observed between the
Mediterranean (d-excess ~16‰) and the Atlantic (d-excess ~10‰) moisture sources (e.g., [28,60]).
The recently documented division at ~5◦W longitude separating the western part of the peninsula
with no influence from the Mediterranean moisture in winter, from the eastern part where western
Mediterranean moisture is prevailing during spring and summer seasons [27], is well in line with the
above interpretation.
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Figure 5. Maps representing the sampling sites (left panels: red dots), the range ellipses around them
(blue circles) and the empirical (black line with dots in right panels) and fitted theoretical semivariogram
(continuous lines in right panels) derived from δ18Op (A) and d-excess (B). For δ18Op (A) the parameters
of the Gaussian semivariogram model fitted were C0 = 0.135; C0 + C = 0.635; ae = 507 km; r2 = 0.49;
RSS = 0.644. For d-excess (B) the parameters of the spherical semivariogram were C0 = 0.51; C0 + C =
6.105; a = 439 km; r2 = 0.66; RSS = 29.7. The bin width was 33 km; the dashed horizontal line represents
the variance. The figure represents the period October 2004–July 2006.

3.3. Isoscape of Precipitation Oxygen and Hydrogen Stable Isotopes for the Iberian Peninsula

The initial grid of δ18Op derived from the multiple regression model of the “Extended dataset”
(Table S1) was combined with the residual grid that was obtained with the Gaussian semivariogram
while using Equation (2) to derive the estimated values of δ18Op (Figure 6A)

̂δ18Op = −4.9592− 1.3634 ∗ 10−6∗A − 1.8201 ∗ 10−7∗B− 1.6752 ∗ 10−3∗C + D (2)

where A and B stand for zonal and meridional Web-Mercator coordinates (EPSG: 3857), respectively, C
for elevation and D for the residual grid. With a similar procedure, the δ2Hp isoscape was also derived
(Table S1, Figure S6).
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Figure 6. Predicted amount-weighted δ18Op isoscape for the Iberian Peninsula for October 2004–July
2006 (A) and the standard deviation of kriging (B). Grid resolution: 10 × 10 km. The histogram in panel
(B) shows the frequency/abundance of the kriging error in 0.1 bins. The north arrow and scale in panel
A is relevant for both maps and the black dots represent the precipitation sampling sites used in the
geostatistical analysis representing October 2004–July 2006.

The δ18Op values that were indicated by the obtained isoscape range between −10.55 and −3.97‰
(Figure 6A). The estimations error is < 0.5‰ at the stations, while the largest error (~0.75‰) is obtained
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in areas where station data were not available (as usually observed, see [14]) e.g., in the northern
(Pyrenees) and SW part of the peninsula (Algarve) (Figure 6B). A similar pattern is seen for δ2Hp with
values ranging from −76.6 to −21.1‰ (Figure S6A) and estimated errors up to 6‰ (Figure S6B).

The presented δp isoscapes for the Iberian Peninsula can be compared to former products (models
and maps) predicting/featuring the spatial distribution of amount-weighted long-term precipitation
water stable isotopes across the Iberian Peninsula. A map of δ18Op distribution in peninsular Spain and
the Balearic Islands was produced using composite monthly samples for the period 2000–2006 of 15
GNIP stations, belonging to the Spanish network for isotopes in precipitation (REVIP) in a polynomial
model while employing latitude and elevation as predictors [29]. The REVIP-based map is not available
in numerical format, so only the mapped features and some methodological differences can be evaluated.
The most striking similarity is that both the current δ18Op isoscape (Figure 6A) and the REVIP-based
map [29] capture the orography-induced isotopic depletion for high reliefs. The polynomial model with
geographical factors can be regarded as an analogue of the initial grid of this study. Thus, the added
value of the presented isoscape is the consideration of the spatial variability that is retained in the model
residuals irrefutably carrying sub-regional information. For example, zonal heterogeneity of vapor
sources [13,14,31], which is especially interesting information from an isotope-hydrometeorological
perspective and must be taken into account to improve regional isotopic landscapes. Indeed, ignoring
the δ18Op residual variance might inspire the debatable conclusion that Atlantic Ocean is the main
source of water vapor over the region [29], since the isotope-hydrometeorological dichotomy reflecting
the dual moisture sources, clearly also expressed by recent atmospheric transport models [26,27],
could be captured in the residual field. Finally, technical advancements in the current δ18Op isoscape
when compared to the REVIP-based map are that the extended station network (14 more stations from
Portugal, 6 from Spain and another one from Gibraltar) definitely (i) improved the accuracy of both the
fitting of the regression model and the subsequent interpolation and (ii) extended the coverage of the
mapping to the entirety of the peninsula.

Data products and estimated spatial errors of the global regionalized cluster-based water isotope
prediction (RCWIP) model [16] are both freely available [61], so detailed numerical comparison between
the Iberian subset of RCWIP model and the current regionally fitted δp isoscapes could be calculated by
subtracting the present model values from the resampled (10 × 10 km) RCWIP ones. Their difference
maps (Figure 7 and Figure S7) indicate more positive values that were obtained by the current model
over the mountains: such as the Pyrenees, the Cantabrian Massifs, in a small patch covering the
peak region of the Beatic Cordilleras, and along the Iberian System. Major regional patterns in the
difference maps are (i) lower values in the RCWIP over extended part of the Atlantic and Cantabrian
regions (difference < −2.5‰ for δ18Op and < −5‰ for δ2Hp), while (ii) positive differences along the
southernmost part of the peninsula (difference > 1.5‰ for δ18Op and > 10‰ for δ2Hp) indicate that
RCWIP model predicted higher values south from the Beatic Range (Alboran Coast). Over a remarkably
large part of the central (e.g., Meseta, Andalusia) and northeastern part (e.g., Ebro Basin, including the
coast of the Balearic Sea) of the peninsula the predicted δp values agree (Figure 7 and Figure S7). Two
climatic zone domains in the RCWIP model cover the Iberian Peninsula [16], however their boundary
does not separate the positive and negative field seen in the difference maps (Figure 7 and Figure S7).
Moreover, the predicted values agree very well for extended areas within both RCWIP zones, so the
regional scale differences likely do not reflect the RCWIP zones. The differences cannot be explained by
the incorporation of the additional samples from the northwestern sector of the peninsula [35], either,
because (i) the region of negative difference also extends to the Cantabrian Coast, from where no station
was included in the complementary dataset and (ii) the field of positive anomalies along the Alboran
Coast is situated >500 km form the area covered by the complementary dataset. It is suggested that the
regional patterns seen in the difference map are evidence of a considerable improvement in the current
regional prediction of the spatial distribution of long-term mean δp across the Iberian Peninsula.
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Figure 7. Difference map of the Iberian subset of the regionalized cluster-based water isotope prediction
(RCWIP) model and the one presented in the study. For each grid point the values of the Iberian δ18Op

isoscape (Figure 6A) were subtracted from the RCWIP model. Grid resolution: 10 × 10 km, black
dots represent the precipitation sampling sites used in the geostatistical analysis representing October
2004–July 2006.

The kriging error of the presented Iberian precipitation isoscape (as seen from the in-set histograms;
Figure 6B and Figure S6B) is smaller by more than a factor of two for the Iberian Peninsula when
compared to the RCWIP model [16], where it ranged between 0.96–0.98‰ for δ18Op and 7.9–8.1‰ for
δ2Hp. Thus, the presented isoscape provides a more precise estimation of δp than the regional subset of
the RCWIP model. This is in harmony with the statement, where the derivation of regional isoscapes
is suggested to better estimate the regional variability of δp [16], since these do take local geographical
features or meteorological parameters into account, which could influence local rainfall patterns
leading to a good agreement between observed and modelled data, unlike global isoscapes [11].

It should be noted that these differences in mean predictions might partly reflect different
temporal coverage. The RCWIP is a long-term climatological average that is based on pooled
non-continuous decadal-scale data for 1960–2009 for δp, while the Iberian isoscape covers a narrower
interval (2004–2006). Moreover, the differences in prediction uncertainty are almost certainly affected
by different time-averaging i.e. the uncertainty in RCWIP model parameters includes uncertainty that
is associated with predicting average values at stations that sample different periods of time, while, in
the case of the present Iberian isoscape, this was not the case.

4. Conclusions

The monthly GNIP δp records (October 2002–September 2003) for 32 stations distributed across
the Iberian Peninsula appear to be unsatisfactory for use in the determination of a sampling range of
isotope hydrometeorological parameters with variography. However, extended by the addition of a
21-station regional dataset (for the period October 2004–June 2006), a much denser spatial coverage
was obtained, proving to be suitable for the exploration of the spatial autocorrelation structure of δp

across the Iberian Peninsula. Gaussian semivariograms were modelled for δ2Hp and δ18Op, and an
additional one for d-excess with ranges corresponding to ~450 km in planar distance (~340 km in
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geodetic distance). The ~450 km spatial range is thought to be related to hydroclimatological processes
prevailing on the scale of the zonal extension of the peninsula and they could be connected to a
spatiotemporal switch between Atlantic and Mediterranean moisture sources. A sparser network
(e.g., GNIP) might also prove to be representative since the obtained spatial range of the δp monitoring
network provides a coverage for the peninsula. It means that the GNIP monitoring network is suitable
for exploration of large-scale isotope hydrological processes/phenomena in the peninsula, but its
verification could only be done with a denser network. Finally, the results encourage the development
of precipitation stable isotope models at a sub-continental scale in further regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/2/481/s1,
SuppText.pdf: Additional methodological description (including Figures S1 to S6, and Table S1), Table S2: Stable
isotopic data used in the study. Additionally, predicted amount-weighted isoscapes (Figure 6A and Figure S6A)
are provided in GEOtiff format.
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Abstract: Tracer methods are useful for investigating groundwater travel times and recharge rates
and analysing impacts on groundwater quality. The most frequently used tracers are stable isotopes
and tritium. Stable isotopes of oxygen (δ18O) and hydrogen (δ2H) are mainly used as indicators
of the recharge condition. Tritium (3H) is used to estimate an approximate mean groundwater
age. This paper presents the results of an analysis of stable isotope data and tritium activity in
Croatian groundwater samples that were collected between 1997 and 2014 at approximately 100 sites.
The composition of the stable isotopes of groundwater in Croatia originates from recent precipitation
and is described using two regional groundwater lines. One of them is applied to groundwater
accumulated in the aquifers in the Pannonian part of Croatia and the other is for groundwater
accumulated in the Dinaric karst of Croatia. The isotope content shows that the studied groundwater
is mainly modern water. A mix of sub-modern and modern water is mostly accumulated in
semi-confined porous aquifers in northern Croatia, deep carbonate aquifers, and (sub)thermal springs.

Keywords: stable isotopes; tritium activity; spatial distribution of an approximate groundwater age;
karst aquifer system; porous aquifer system; Croatia

1. Introduction

Water molecules have isotopic “fingerprints” according to the differing ratios of their oxygen
and hydrogen isotopes and their radioisotope activity. The most frequently used isotopes in
groundwater hydrology are stable isotopes and tritium, which naturally occur in the environment.
Consequently, they are called “environmental isotopes”. All three isotopes enter the hydrological cycle
via precipitation. Stable isotopes of oxygen (δ18O) and hydrogen (δ2H) are mainly used as indicators
of the recharge condition. Tritium (3H) is used to estimate the approximate groundwater age.

The global monitoring of the isotopic composition of monthly precipitation is carried out through
the Global Network of Isotopes in Precipitation (GNIP), which was established in 1961 by the
International Atomic Energy Agency (IAEA) and the World Meteorological Organization (WMO).
The objective of this network is the systematic collection of the isotopic data of precipitation and the
determination of temporal and spatial variations in the isotopes within precipitation. Isotopic data
include the tritium activity concentration and stable isotopes of hydrogen and oxygen isotopes (δ2H and
δ18O values), as well as climatological data (mean monthly temperature, monthly precipitation amount,
and atmospheric water vapour pressure) [1].

The stable isotopes of hydrogen (1H, 2H) and oxygen (16O, 18O) are natural environmental tracers
with broad applications in groundwater hydrology [2–8]. They help to reveal the groundwater origin
and recharge [9–11], as well as the mean groundwater age in some cases [12,13]. The content of
stable isotopes in water is affected by the sources of precipitating air masses, which are linked to
climate characteristics such as ambient temperature, precipitation amount, wind speed, and humidity.
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Fractionation processes are responsible for the spatial and temporal variations in water isotope
composition [14–16], as well as orographic effects [17], distance from the coast, and latitude [18,19].

The isotopic composition of groundwater in both karst and alluvial aquifers in Croatia was
previously studied for different purposes. The study of general functioning of the karst hydrogeological
system [20] and the delineation of catchment areas of karst springs [21] were performed using an
analysis of the distribution of stable isotopes in groundwater. Using stable isotope composition,
the recharge areas of karst aquifers were considered [22–25]. A lumped parameter approach was
used for the groundwater age estimation [12,26]. Several studies have been carried out where isotope
composition of precipitation, surface water, and groundwater were employed for identification of
groundwater recharge sources and for improvement of the conceptual model of the porous aquifer
systems [27–31].

The isotopic composition of groundwater was studied in the neighbouring countries also.
Mezga et al. [32] presented the isotopic composition of sampled groundwater that was monitored over
three years and performed a comparison with previous studies regarding the isotopic composition of
precipitation, surface water, and groundwater in Slovenia. Nikolov et al. [33] concluded that most of
the analysed groundwater in Vojvodina (Serbia) can be characterized as modern waters, recharged
mostly from precipitation.

Tritium (3H) is the radioactive isotope of hydrogen with a half-life of 12.32 years [34]. It decays
into helium−3 (3He). Tritium is naturally produced in the atmosphere by the reaction of cosmic
radiation with nitrogen atoms. In hydrology and oceanography, 3H content is expressed in
tritium units (TU). Other disciplines may use the 3H activity concentration in Bq (Bequerel),
where 1 TU = 0.118 Bq/L [35,36]. The natural 3H activity concentration in precipitation varies within
the range of 5 to 10 TU, depending on the location [9,37]. Prior to atmospheric nuclear bomb testing
in the 1950s, the mean 3H activity concentrations were approximately 2 to 8 TU [38]. Due to nuclear
bomb testing, the maximum concentrations of 3H in the precipitation in the northern hemisphere
reached more than 5000 TU in 1963 [39]. The data over the last twenty years show an almost constant
mean annual 3H concentration [40,41]. However, seasonal variations are observable. The lowest 3H
concentrations are distributed in the winter months. Duliński et al. [40] suggest that these low 3H
activity concentrations likely reflect episodes of specific circulation patterns over Europe, where the fast
transport of oceanic water vapour from the Atlantic Ocean to central Europe occurs without significant
rainout and moisture exchange with the surface of the continent. The maximum monthly 3H activity
concentration is observed in the late spring and summer months [23,40,42–47]. The extremely high 3H
activity concentrations occasionally recorded are likely linked to episodic emissions of technogenic
tritium on the European continent [48]. The possible sources are nuclear power reactors and the
applications of artificial tritium in medicine and the watch industry [40].

Since it is relatively geochemically conservative, tritium is an excellent tracer for the investigation
of groundwater flow dynamics as well as giving an approximate groundwater age at a time scale
of less than 100 years [2,26,49,50]. Groundwater 3H activity concentrations reflect the 3H activity
concentration when the water, which contributes to groundwater recharge, was in the contact with
the atmosphere. Since 3H decays to 3He, the application of the 3H/3He method, which measures the
relative abundance of 3H and 3He in a groundwater sample [49], allows for a more precise definition
of the groundwater age.

This study aims to evaluate the regional isotopic signatures of groundwater in Croatia. The study
is focused on comparisons between groundwater stable isotopes and precipitation isotope data.
To achieve this, we analyse the existing data on stable isotopes (δ2H and δ18O) and tritium activity (3H)
stored in the database of the Croatian Geological Survey (HGI-CGS), as well as data from published
papers. Isotopic data are taken from studies on drinking groundwater. An overview of the sampling
sites from different aquifer systems in which water samples were collected between 1997 and 2014 is
presented, and the descriptive statistics of isotopic data are shown. We also discuss data distribution
and the various correlations among the data.
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2. Materials and Methods

2.1. Study Area

Croatia is a small southern European country, comprising an area of only 56,538 km2. From a
hydrogeological and even water management standpoint, the country can be divided into two
hydrogeological regions: the Northern or Pannonian region and the Southern or Dinaric karst region
(Figure 1). Northern Croatia is situated in a southwestern part of the Pannonian Basin where large
lowlands are dominant along the two Danube tributaries—the river Sava and Drava and their major
tributaries—and along the river Danube in the east-most part of the region. Quaternary sediments
form thick and highly permeable aquifers within these lowlands [51,52]. In between the lowlands,
there is a hilly region (in some places mountainous), composed mainly of low permeable deposits
ranging in age from the Palaeozoic to Quaternary, while only smaller areas are occupied by permeable
carbonate deposits of the Triassic age, which represent an important aquifer. The altitudes of these
lowlands vary from approximately 120 m a.s.l. in the west to approximately 80 m a.s.l. in the east.
In the mountainous region, the altitudes can reach 1000 m a.s.l.

Figure 1. Aquifer types in Croatia, geographical areas (schematic), and the locations of the isotope
composition measurements. The colours of the sampling points and the frame colours of the
geographical areas correspond to the colours of the points in Figures 2–8.
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Figure 2. The regional meteoric water line of the coastal part of Croatia (RMWL_coast) and the stable
isotope composition of the spring water in the Dinaric karst in Croatia: (a) the mean values of the stable
isotopes and (b) the single values of the stable isotopes.

 
Figure 3. Local meteoric water lines (LMWLs) and the single values of the groundwater stable isotopes
in the Dinaric karst in Croatia: (a) Istria, (b) Hrvatsko Primorje and Gorski Kotar, (c) Gorski Kotar and
Lika, and (d) Dalmatia.
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Figure 4. The mean δ18O vs. the shortest distance from the sea.

 

Figure 5. Linear relationship between δ18O and d-excess of karst groundwater: (a) the mean values
and (b) the single values.

 

Figure 6. The regional meteoric water line of the continental part of Croatia (RMWL_continent) and
the stable isotope composition of spring water in the Pannonian part in Croatia: (a) the mean values of
stable isotopes and (b) the single values of stable isotopes.
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Figure 7. LMWLs and the single stable isotope composition of groundwater in the Pannonian part of
Croatia: (a) groundwater in the Zagreb aquifer and LMWL Zagreb, (b) groundwater in the Zagreb
aquifer and LMWL Ljubljana, (c) the Drava Basin, and (d) Eastern Slavonia—the Sava basin.

 

Figure 8. Relationship between δ18O and d-excess in the analysed groundwater in the Pannonian part
of Croatia: (a) the mean values and (b) the single values.

The karst area of Croatia is mainly composed of carbonate rocks of the Mesozoic age.
Carbonate rocks, especially limestone, have developed conduit and fissured porosity, which accumulate
and transfer a significant amount of groundwater. Besides the existence of numerous geomorphological
phenomena, the basic characteristics of the karst area are the absence of surface water, a high
velocity of groundwater flow, groundwater discharge at the springs of over ten m3/s, significant
groundwater amounts that discharge into the sea, and the strong impact of the sea on coastal aquifers.
There are frequent occurrences here of karst poljes with springs on one side and ponors on the
other; this sometimes also means that the same water sinks and reappears multiple times on several
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levels [poljes] before it reaches the final erosion base [53–55]. The altitudes of these areas vary from
approximately 1900 m a.s.l. in the high mountains to 0 m a.s.l. at the coast.

Croatia is divided into two main climate regions—Continental and Mediterranean—with some
variations within those climate zones [56]. According to Köppen’s classification, most of Croatia has
a moderately warm rainy climate (C), whereas only the highest mountain areas have a snow-forest
climate (D). The Dalmatian coast and islands have a Mediterranean climate (Cs), while in other parts of
Croatia there are different types of moderately warm and humid climates (Cf) which differ according
to the warmth of summer months (hot, warm or fresh summers) and annual precipitation. The lowest
mean annual air temperature occurs at the highest mountains and reaches 2–3 ◦C. In the lowlands of
northern Croatia, the average air temperature is around 11 ◦C, while in the Adriatic area, it ranges from
13 ◦C in the north to 17 ◦C in the far south. Summer is the driest season along the coast, and winter is the
rainiest season, with twice the amount of precipitation as in the summer. The continental part of Croatia
has a different climate. The mean annual precipitation in Croatia ranges from about 300 mm to just
above 3500 mm. The majority of precipitation is caused by south-western and western air circulation
(cyclogenetic area of the Mediterranean), while a significantly smaller amount of precipitation is caused
by relatively dry air masses coming from the northeast. The lowest annual precipitation, approximately
300 mm, can be found on the outer islands of the southern Adriatic. On the islands and coasts of
central and northern Dalmatia and on the western coast of Istria, about 800 to 900 mm of precipitation
can be expected. In continental Croatia, the mean annual precipitation decreases from west to east.
In the western part (wider Zagreb area), it ranges from 1000 to 1500 mm, while in Eastern Slavonia,
the mean annual precipitation reaches only 600 to 700 mm. Due to orographic influence, the greatest
amount of precipitation can be found along the Dinaric Mountain Range, which extends from NW to
SE, separating the coastal area from continental Croatia. In this area, the mean annual precipitation
reaches 3000 to 3500 mm. The karst aquifers formed below this massif drain towards both regional
basins, the Adriatic Sea basin in the south and the Danube basin in the north.

The hydrogeological structures, relief indents, and different climatological influences result in
different isotopic signatures of the groundwater in Croatian regions.

2.2. Data and Methods

The first step in analysing the isotopic composition of groundwater was to collect as much
measured data as possible. For this study, the data sources were mainly the HGI-CGS database,
unpublished reports, and published articles. Groundwater samples for the analysis of stable isotopes
and tritium in groundwater were collected in different periods from 1997 to 2014 (Tables 1 and 2).

The stable isotope compositions were analysed at the Jožef Stefan Institute (Ljubljana, Slovenia)
from 1997 to 1999. They were measured on a Varian MAT 250 mass spectrometer [46]. From 2001 to
2005, the measurements were conducted at Joanneum Research (Graz, Austria). An isotope ratio mass
spectrometer (IRMS) was used for the measurements. The stable isotope composition of the water from
2005 to 2014 was determined at SILab [Stable Isotope Laboratory at the Physics Department, School of
Medicine, University of Rijeka, Rijeka, Croatia]. An HDO Equilibration Unit (ISO Cal, Phoenix, AZ,
USA) attached to the dual inlet port of a DeltaPlusXP (Thermo Finnigan, Waltham, MA, SAD) IRMS
was used [23].

The results of the stable isotope composition are expressed as the δ-values per mill (‰) relative to
the standard: δS/R = (RSample/RReference) − 1 [14,57–59]. RSample and RReference mark the isotope ratio
(R = 2H/1H and R = 18O/16O) in the sample. The analytical precision of the determined δ-values was
better than ±0.1‰ for δ18O and ±1‰ for δ2H.

Tritium activity concentrations were mostly analysed at the Department of Experimental Physics of
the Rud̄er Bošković Institute (RBI) in Zagreb. The gas proportional counting (GPC) technique was used
until 2007 [60,61]. Since 2010, samples have been measured only using the liquid scintillation counting
technique following electrolytic enrichment (LSC-EE), while during 2008 and 2009, both techniques
were used [47,62–65]. The GPC technique was replaced by the LSC-EE technique for the following
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reasons: (i) the tritium activity approached natural pre-bomb levels (<5–10 TU), so the measurement
of samples without tritium enrichment was not sufficiently precise and (ii) the GPC technique did not
satisfy the requirements for a low detection limit and a high throughput of samples. In the RBI reports
from 1997 to 1999, the results were expressed in Bq/L and later in TU and Bq/L. The detection limit
was 2.5 TU, and the measurement uncertainty was between 2 and 5 TU, depending on the activity
concentration [41]. The tritium activity concentrations in some samples collected from 2005 to 2008
were determined at the Isotope Hydrology Section Laboratory at the IAEA [26]. Tritium activity
concentrations in the samples collected in 2013 and 2014 were measured at Hydrosys Labor Ltd. in
Budapest, Hungary. The analytical method was based on the MSZ 19387:1987 standard. The results
are expressed in TU.

For locations featuring a large amount of measured data, the descriptive statistics of stable isotopes
and tritium activity concentrations (minimum and maximum values, arithmetic mean, and standard
deviation) were used to describe the isotopic data of groundwater variability in the territory of
Croatia. In several locations, there was only one measured datum, which was also used in the analysis.
Data divided into two categories were used to create the attached diagrams. The term “mean values”
is used when the displayed values represent the calculated arithmetic mean of all values measured so
far at a particular measuring point. Individual results of all performed measurements were used on
diagrams made based on “single values”. The first step in the analysis was to compare the δ2H and
δ18O isotopic compositions of groundwater for each site considering the global meteoric water line
(GMWL), as well as the local meteoric water lines (LMWLs).

If δ2H is plotted versus δ18O, the data group form a linear trend line, which can be described by
its slope and intercept. The global meteoric water line (GMWL) defines the general relation between
δ2H and δ18O in the precipitation on a global scale and is described by δ2H = 8 × δ18O + 10 [83–85].
For regional and local areas, the slope and intercept can differ from the GMWL, so for hydrogeological
research, the regional/local meteorological water line (RMWL/LMWL) can be more appropriate.
A comparison of RMWL/LMWL with GMWL shows local deviations from the world average.
A direction coefficient (slope) of LMWL with a value greater than 8 indicates multiple moisture
circulation, whereas a direction coefficient of less than 8 indicates greater moisture loss through
evaporation [86].

There are different ways to calculate slope and intercept. Ordinary least squares regression (OLSR)
is most commonly used for this purpose. Recently, reduced major axis (RMA) regression has been used.
These methods do not, however, take into account the amount of precipitation. A new precipitation
weighted least square regression (PWLSR) method and precipitation-weighted regressions (PWRMA)
method have been applied more recently [87,88]. In this paper, the regional meteoric water lines
(RMWL) for the continental and coastal parts of Croatia [89] are used alongside other published
LMWLs [20,26,27,41,45–47,90–93] (Table 3).
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Most LMWLs are defined by the least squares regression method; the exceptions are the LMWLs
for Ljubljana and Portorož [47,91,92] and Zagreb [41]. Previous studies of different approaches to
calculate the LMWL have led to the conclusion that all regression lines have similar values for both the
slope and the intercept [41,47,91,92]. This indicates that the LMWLs defined by the OLSR method can
be used for comparisons with the measured isotopic composition of groundwater in Croatian regions.
The absence of a significant difference between the PWLSR slope and both the OLSR and RMA slopes
indicates a relatively homogeneous distribution of monthly rainfall, as well as little small monthly
rainfall with a minor excess of deuterium [41,88].

Deuterium excess (d-excess) is defined as d (‰) = δ2H − 8 × δ18O [83]. This is an isotope parameter
that indicates the deviation of local samples from the GMWL and is an indicator of climate sensitivity
at the source of humidity, as well as along the trajectory of air masses into the atmosphere [94]. In other
words, d-excess reflects the prevailing conditions during the evolution and interaction or mixing of air
masses en route to the precipitation site [86].

Tritium activity concentrations in the groundwater samples were used to estimate an approximate
mean groundwater age (MRT). The qualitative interpretations in this study are made as follows [9]:
<0.8 TU indicates sub-modern water (recharged prior to 1950s), 0.8 to ≈ 4 TU indicates a mix of
sub-modern and modern water, 5 to 15 TU indicates modern water, 15–30 TU indicates some “bomb”
tritium, and >30 TU indicates that a recharge occurred in the 1960s to 1970s.

3. Results and Discussion

The statistical isotopic data of groundwater samples from the observation wells and springs are
presented in Tables S1a, S2a, S3a and S4a. On the sampling sites where the composition of stable
isotopes was measured only once, groundwater isotopic data are shown in Tables S1b, S2b, S3b and
S4b. The tables can be found in Supplementary Files.

3.1. Stable Isotope Composition of Groundwater in the Karst Area of Croatia

The mean δ18O values in the drinking karst groundwater range from −10.9‰ to −5.5‰. Similarly,
the lowest mean δ2H was −71.9‰, and the highest δ2H was −34.0‰ (Table S1a, Figure 2a). The most
positive δ-values were measured in the spring below the sea surface (submarine spring, vrulja Modrič),
reflecting the influence of sea water (Figure 2b). A slightly more negative value of stable isotopes was
measured in the groundwater sample of the coastal spring Kristal in the summer of 2001 (Figure 2b).
Since the sampling was done in summer, during the dry season, the influence of the sea was very
pronounced, as observed by the isotopic composition of the groundwater. The δ18O/δ2H values for
all karst springs are distributed along the regional meteoric water line of the coastal part of Croatia
(RMWL_cost in Table 3) and indicate a meteoric origin. This also applies to springs belonging to the
Danube River basin that are approximately 50 km away from the sea. Consequently, most precipitation
that exerts an influence on groundwater recharge in the karst area comes from the precipitation
supplied by the south wind in the direction of the Adriatic sea (more often in the cold than in the warm
part of the year).

A comparison of RMWL with GMWL shows local deviations from the world average. The slope of
RMWL_coast has a value less than 8 (Table 3), indicating greater moisture losses through evaporation.
Evaporation moisture losses occur due to low rainfall, during very hot summers, or for both reasons
simultaneously [95], which is characteristic of this part of Croatia.

The δ18O/δ2H values form the regional karst groundwater line (RGWL_karst), which is described
by following equations—δ2H = 6.8 × δ18O + 2.5 (n = 38, R2 = 0.98), for the mean values of the stable
isotopes (Figure 2a), and δ2H = 7.0 × δ18O + 4.2 (n = 340, R2 = 0.96), for the single values of the stable
isotopes (Figure 2b). Both lines have very similar slopes and intercepts to RMWL_coast.

Depending on their affiliation with their geographic areas, individual groups of springs are clearly
located along the RMWL_coast. However, some spring groups fit better with LMWLs. The single
values of stable isotopes of karst groundwater from Figure 2b and LMWLs are shown in Figure 3.
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Figure 3a shows the isotopic composition of the spring water in Istria and the LMWLs defined by
Vreča et al. [45,91,92] (Table 3). The δ18O/δ2H data of the spring water fit very well with the LMWLs
determined by the isotopic precipitation composition in Portorož, Slovenia. This is unsurprising,
since Portorož is less than 50 km away from central Istria and climatically belongs to the same area.
The figure shows several LMWLs that are determined using different methods. All regression lines
have similar values (within uncertainties) for both the slope and the intercept values [92]. The slopes
of LMWLs obtained using data for the period 2007–2010 and the PWLSR method are close to those of
the LMWLs using the OLSR and RMA method for the periods of 2001–2003 and 2000–2006.

The majority of the springs that belong to the Gorski Kotar (Kupica, Mala Belica, Gerovčica,
Vela Učka, Zvir, Velika Belica, Kupa, and Kupari) in the Danube River basin and Hrvatsko Primorje
(Vela Učka, Rječina, Zvir Perilo, and Martinščica) in the Adriatic Sea basin (Table 2) are situated in
the zone between approximately δ18O = −8.6‰ and δ18O = −7.9‰, as well as δ2H = −55.9‰ and
δ2H = −48.9‰ (Figure 3b). Although some of these springs are located along the coast (Zvir, Perilo,
and Martinscica) and some at several hundred meters above sea level (Rječina, Vela Učka, Kupica,
Mala Belica, Gerovčica, Velika Belica, Kupa, and Kupari), their δ18O values have small variations.
Their isotopic compositions are mainly influenced by the climatic conditions in the recharge area
of the aquifer, which are approximately the same (found in close proximity to one another) for the
considered springs.

The mean residence time (MRT) of groundwater was calculated for the stable isotope δ18O using
the lumped parameter approach and applying the exponential model, the combined exponential-piston
model, and the dispersion model to the isotopic input (rainfall) and output (spring) datasets during
2011–2013 [12]. The MRTs of 3.24 and 3.6 months for the Rječina spring and 7.2 months for the
Zvir spring suggest the presence of recent groundwater recharge from precipitation, as well as fast
groundwater flow. The cumulative age distributions show that the proportion of water younger than
1xMRT at both springs was more than 50% and that the proportion of water younger than 2xMRT was
almost 90%.

The high mean δ-values δ18O = −5.9‰ to −5.2‰ and δ2H = −37.6‰ to −32.5‰ in Hrvatsko
Primorje refer to the coastal spring Kristal in Opatija (Figures 1 and 3b). The water is brackish,
and during low water hydrological conditions, the proportion of seawater is considerable, which is
reflected in the composition of the stable isotopes in the water.

Figure 3c shows the isotopic composition of the spring water in Gorski Kotar and Lika, as well as
the LMWLs defined by Vreča et al. [45] and Mandić et al. [23] (Table 3). The figure clearly shows that
the LMWL defined by Mandic et al. [23] fits well with groundwater samples at all Lika springs and at
the springs located in the eastern part of Gorski Kotar. At the same time, LMWL_Zavižan [45] fits
better with the springs in the westernmost part of Gorski Kotar, whose recharge area is situated at a
high altitude, as well as the Zavižan.

The lowest δ-values were recorded on the springs that belong to the Lika area in the Danube River
basin (Table 2, Figure 3c). Although these springs are located in the Danube River basin, it is evident
that aquifer recharge is carried out by precipitation, which is influenced by the Mediterranean air mass.
In this area (but east of Malo vrelo Ličke Jesenice and Veliko vrelo Ličke Jesenice), the composition
of the stable isotopes was once measured at six springs (Korenička Rijeka spring, Kameniti vrelac,
Koreničko vrelo, Makarevo vrelo, and Mlinac i Stipinovac) in the Una river basin (Table 2, Figure 1).
The measured δ18O values were in the range of −10.9‰ to −10.2‰ and −71.9‰ to −67.1‰ for δ2H
(Table S1b), which is very similar to the mean isotopic composition of Malo vrelo Ličke Jesenice and
Veliko vrelo Ličke Jesenice.

At the same time, at springs that belong to the Lika area in the Adriatic Sea basin (Majerovo vrelo,
Klanjac, Tonkovića vrelo, Grab, Marusino vrelo, Jaz, and Knjapovac—in Table 2), the mean δ18O values
were in the range of −10.2‰ to −8.0‰, as well as −71.0‰ to −50.0‰ for δ2H (Table S1a). All springs,
including those in the Danube River basin and those in the Adriatic Sea basin, are situated at similar
altitudes (Table 2), so the differences between the stable isotope compositions of the springs belonging
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to the Danube River basin and the springs belonging to the Adriatic Sea basin could be caused by
the “continental effect”, also referred to as the distance-from-coast effect [39]. However, in this case,
the distance from the sea is likely not the reason because the differences are very small, (approximately
20 kilometres) (Figure 4). Although the springs are at similar altitudes, the altitudes of their recharge
areas are different. Higher altitudes in the catchment area of the springs in the Danube River basin
likely have a much greater impact than the distance from the coast. As the altitude of the terrain
increases, the δ18O and δ2H in precipitation becomes increasingly more depleted. This effect correlates
to air temperature, which drops due to an increase in altitude [39]. The δ18O effect generally varies
between −0.1‰ and −0.6‰/100 m of altitude and often decreases with an increase in altitude [96].

The mean δ18O values of spring water in Dalmatia vary between −6.7‰ and −8.7‰ and −40.0‰
and −58.0‰ for δ2H (Figure 3d), which is, according to Kapelj et al. [21], within the range of the
stable isotope composition of groundwater in middle Dalmatia. The composition of stable isotopes in
groundwater, especially in the spectrum of depleted values, shows similarity to LMWL_Zavižan [45]
and thus reflects the influence of the recharge area at high altitudes (e.g., Zavižan—Velebit Mt. 1594 m
a.s.l., Dinara Mt. 1830 m a.s.l.). However, the stable isotopes data of measured groundwater define
a local groundwater line (LGWL_Dalmatia) that better matches the RMWL_coast (Figure 3d). It is
described using equation δ2H = 6.6 × δ18O + 1.7 (n = 21, R2 = 0.97). The difference between the slope
values of the lines for RGWL_coast and LGWL_Dalmatia is generally about 0.42‰ and between the
axis intercept values is about 2.74‰. These differences between LMWL_Zavižan and LGWL_Dalmatia
are 1.02‰ for slope values and 8.84‰ for intercept values. Kapelj et al. [21] analysed the mean altitude
of the spring catchment areas and found the δ18O gradient to be between −0.2‰ and −0.4‰/100 m,
which corresponds to the value of −0.3‰/100 m determined by Vreča et al. [46] using stable isotope
data for precipitation at several stations in Croatia and Slovenia, as well as that of Mandić et al. [23],
who used stable isotope data for the groundwater at Lika springs Majerovo vrelo, Tonkovic vrelo, and
Pećina. Using data on the stable isotopes in precipitation at several stations in the Učka area (Rijeka
hinterland), Hunjak [89] determined a δ18O gradient of −0.19‰/100 m. However, these relationships
cannot be applied to all springs analysed in this paper because they have different catchment areas that
differ in their temperature changes and wind directions, which both significantly affect the composition
of stable isotopes in precipitation and thus in groundwater.

The d-excess values of karst groundwater were determined to be between 6‰ and 17‰ (Table S1,
Figure 5). d-values lower than 6‰ were found in three individual samples (coastal Kristal spring, vrulja
Modrič, and Šišan spring in Istria), which are under the influence of sea water. In many cases, d-excess
is found to increase with altitude [39,45]. Atlantic air masses typically have d-excess values around
10‰, while Mediterranean air masses are characterized by higher d-excess values of approximately
12‰ [14]. The catchment areas of the springs in Lika, Gorski Kotar, and Hrvatsko Primorje are at
relatively high altitudes, and due to the influence of high altitudes and Mediterranean air masses,
their d-excess values are high and reach 17‰ (Figure 5b). The lowest d-excess values are determined
in springs in Istria whose catchment areas are at relatively low altitudes and are partly affected by
Atlantic air masses.

3.2. Stable Isotope Characteristics of Groundwater in the Pannonian Area of Croatia

δ18O values of groundwater ranged from −11.0‰ to −8.2‰ and from −76.0‰ to −57.0‰ for δ2H
(Table S2, Figure 6). The lowest δ18O and δ2H values were measured in the spring water on Papuk Mt
(Figure 6b). As an increase in altitude leads to depleted isotope values, it is expected that among all the
analysed groundwater samples, these springs will have the lowest isotopic values as their recharge
areas are situated at the highest altitudes, reaching 825 m a.s.l. The highest values of stable isotopes
were measured in groundwater in the Zagreb area where they range from −9.5‰ to −8.2‰ for δ18O
and from −65.0‰ to −57.0‰ for δ2H (Figure 6b). The altitude of the groundwater recharge in this area
reaches up to 200 m a.s.l. As shown in Figure 6b, the stable isotope values of groundwater samples
from Eastern Slavonia—the Sava basin, Banovina, and the Drava River valley—are located between the
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stable isotope values of groundwater on Papuk Mt. and the Zagreb area. The groundwater recharge
areas in the Drava river valley reach approximately 250 m a.s.l. and 290 m a.s.l. in the Banovina area.
The catchment area of groundwater captured by observation wells in Eastern Slavonia—the Sava
basin—is mostly north of the wells [29], possibly also on the slopes of the Slavonian highlands up to
altitudes of about 250 m a.s.l.

The groundwater isotopic values in the Pannonian part of Croatia lie slightly above the
RMWL_continent and indicate a meteoric origin (Figure 6). Considering that only a small fraction of
precipitation actually reaches groundwater in these types of aquifers, the meteoric signal in groundwater
is muted. The regional groundwater line (RGWL_Pannon) is developed from groundwater δ18O/δ2H
values. It is described by the following equations—δ2H = 7.1 × δ18O + 2.3 (n = 30, R2 = 0.97), for the
mean values of the stable isotopes (Figure 6a), and δ2H = 7.4 × δ18O + 5.5 (n = 255, R2 = 0.93), for the
single values of the stable isotopes (Figure 6b).

As in the case of karst groundwater, the groundwater in certain areas in the Pannonian part of
Croatia is compared with LMWLs (Figure 7a–d). The single values of stable isotopes of groundwater
in the Pannonian part of Croatia from Figure 6b and LWWLs are shown in Figure 7. The isotopic
composition of the studied groundwater in the Zagreb area fits better with LMWL_Ljubljana [45–47]
than with LMWL_Zagreb [41,45]. This was previously identified by Marković et al. [24], Horvatinčić
et al., [27], and Parlov et al. [30]. The different methodologies used to calculate the LMWLs for
Ljubljana [45–47] showed slightly better matching of the groundwater isotopic composition with the
LMWL determined using the PWLSR method (Figure 7b). Considering that the precipitation weighted
least square regression (PWLSR) method takes into account the precipitation amount and that the
analysed groundwater is relatively close to the surface of the terrain and to the Sava River (which has
an impact on groundwater recharge), the result is unsurprising. The values of the stable isotopes are
scattered and show seasonal influence, which points to a relatively short mean residence time of the
groundwater in this area. The aquifer is directly exposed to precipitation because there are no covering
deposits, as well as to the influence of the Sava River because the observation wells are located in
its immediate vicinity. Figure 7c shows the composition of the stable isotopes in the groundwater in
the Drava River valley. The LMWL was developed on the basis of the measured values of the stable
isotopes on Bilogora Mt. [93], south of the observed wells. The isotopic composition of the groundwater
lies slightly above the LMWL_Bilogora. Stable isotopes were analysed over a wide area and at different
depths of the aquifer (Table 1), and their values are grouped according to these elements (Figure 7c).
The depleted isotope composition is characteristic of groundwater from the deeper parts of the aquifer
system and the enriched isotopes are characteristic of the shallower parts of aquifers.

Figure 7d shows the composition of the stable isotopes of groundwater in the aquifer system
in Eastern Slavonia—the Sava basin—as well as the LMWL that was made on the basis of the stable
isotope values of the precipitation, which were measured in the immediate vicinity of the analysed
wells [29]. The stable isotope composition data in groundwater are slightly above the LMWL and are
grouped into almost a single point. Since groundwater is accumulated in the aquifer system in which
the mean residence time is several decades (as evidenced by 3H activity concentrations), the water
is homogenized so that the differences in the stable isotope composition of the precipitation—which
recharge the groundwater—completely disappear.

The mean d-excess values of groundwater were determined to be between 8.7‰ and 12.1‰ (Table
S2, Figure 8a), while the single values range from 7.8‰ to 14.4‰ (Figure 8b). Higher values of d-excess
are attributed to the influence of Mediterranean precipitating air masses [41,45]. Bottyán et al. [97]
estimated that the moisture sources of precipitation in Hungary come from the Mediterranean region
(57.0%), local moisture (14.8%), the Atlantic region (14.2%), Northern Europe (7.4%), and Eastern
Europe (6.6%). Most of the d-excess values in the groundwater samples range from 10‰ to 12‰. This is
especially pronounced in the groundwater samples in Eastern Slavonia—the Sava basin—, where the
mean residence time of the groundwater is relatively long [29] and, accordingly, the range of d-excess
values is relatively narrow—i.e., the differences in climatic conditions (the source of humidity and
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contribution of air masses) during aquifer recharge are muffled in the groundwater samples. Opposite
to this, d-excess is found in a wide range of values in the analysed groundwater samples in the Zagreb
and Banovina area. Since higher values of d-excess are characteristic for winter months and lower
values for summer months [14,41,45] (as evident in the groundwater samples), it can be concluded that
the mean residence time of groundwater is relatively short.

3.3. Tritium Activity in Groundwater

Spatial distribution of an approximate groundwater age estimated by tritium is shown in Figure 9.
The mean 3H activity concentrations in the groundwater mostly vary between 4 TU and 10 TU
(Tables S3 and S4). In karst aquifers, the 3H activity of the groundwater in the rainy seasons and the
mean tritium activity concentrations indicate modern water [9]. For the karst springs Pećina, Majerovo
vrelo, and Tonkovića vrelo (areas of the Lika in the Adriatic Sea basin), the groundwater age was
estimated using the 3H activity concentration in groundwater and the lumped parameter model [26].
A similar MRT was defined for all three springs and was estimated to be approximately 12 years.

 
Figure 9. Spatial distribution of an approximate groundwater age using tritium activity.

Modern water is also indicated in the groundwater from alluvial aquifers close to the Sava
River (Table S4). The highest 3H activity concentrations were measured in the groundwater in the
Zagreb area, as well as in the Sava River, which flows through Zagreb. This result is consistent with
the well-known fact that the aquifer is recharged by the Sava River in the Zagreb area [29,52,98,99].
The observation wells are located close to the Sava River. The high 3H activity concentrations in the
groundwater samples are explained by the release of tritiated water from Krško Nuclear Power Plant,
30 km upstream from Zagreb [27,100]. This indicates the infiltration of surface water from the Sava
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River into the Quaternary alluvial aquifer. Modern water is indicated in the groundwater accumulated
in the porous aquifer and observed close to the Sava River in Eastern Slavonia—the Sava basin—during
high water periods (Table 2, Figure 9). In the shallow part of the aquifer system in the western part of
the Drava basin (Table 1), modern groundwater is also indicated (Table S4).

The values between 0.8 and 4 TU indicate a mix of sub-modern and modern water. These values
were measured in the karst aquifers during summer under base flow conditions (Table S3). A mix of
sub-modern and modern water is also indicated in the deep porous aquifer of Bilogora Mt. (label 2 in
Figure 1), as well as in the deeper part of the alluvial aquifer system in the western part of the Drava
basin (Table S4). 3H activity concentrations less than 0.8 TU were measured in the deep alluvial aquifer
in Eastern Slavonia as well as in the deep carbonate aquifer on Ivanščica Mt and in the thermal spring
on Papuk Mt (Table S4). In Eastern Slavonia—the Sava basin—, but approximately one km away from
the Sava river, 3H activity concentrations were measured only once under conditions of high water
and accurately reflects the dynamics of groundwater flow in a semi-confined aquifer. Groundwater is
recharged north of the sampled observation well and through relatively thick covering deposits, so the
mean residence time of groundwater is relatively long [29]. The aquifer is recharged from the Sava
River only in its immediate vicinity and only during high water [29], as evidenced by the measurement
of tritium activity.

4. Conclusions

This paper presents an analysis of stable isotope data and tritium activity concentrations in
Croatian groundwater at approximately 100 sites. Data were collected between 1997 and 2014.
The stable isotope composition was compared with different regional and local meteoric water lines.
The primary findings of the study are as follows:

• The composition of groundwater stable isotopes in the Pannonian area of Croatia fits well
with the regional meteoric water line for the continental portion of Croatia (RMWL_continent),
based on which we conclude that RMWL_continent can be accepted for all future research on the
composition of stable isotopes in northern Croatia.

• Although the regional meteoric water line for the coastal part of Croatia (RMWL_coast) was
developed according to stable isotopic compositions of precipitation, especially at measuring
sites located on the Adriatic coast, it is evident that the line fits well with the composition of the
stable isotopes of all analysed karst groundwater. Thus, we conclude that the recharge of the karst
aquifers is mainly driven by precipitation introduced by winds blowing from the south of the
region as shown by the d-excess, which has a strong Mediterranean influence.

• The composition of the groundwater stable isotopes in the karst part of Croatia agrees well with
RMWL_coast, based on which we conclude that RMWL_coast can be used as an accurate reference
for all future research on the composition of stable isotopes in the karstic part of Croatia.

• The composition of stable isotopes in the Pannonian part of Croatia forms a unique regional line
of Pannonian groundwater.

• The composition of stable isotopes in the karst part of Croatia forms a unique regional line of
karst groundwater.

• This article offers a unique summary of data measured over a long period of time and provides a
large picture of the stable isotope data found in Croatia. Especially valuable are the insights into
the correspondence between the stable isotope data of precipitation and groundwater through
LMWLs and local groundwater lines over a large span of time. The fact that this correspondence
is best in the karst area is perhaps not a great surprise (since karst areas are known to have the
shortest mean residence time), but that the Mediterranean influence is spreading far beyond
mountains of a high altitude and corresponds strongly with isotopic groundwater data are findings
that will help in further research.
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• According to its isotopic composition, almost all the investigated groundwater used in Croatia for
various purposes, primarily as drinking water, is modern water, making such water relatively
vulnerable to the potential sources of pollution found in the environment. The groundwater
that is accumulated in semi-confined aquifers in eastern Croatia is in a better position, as well
as the groundwater in the deep carbonate aquifers in northern Croatia, whose age can reach
several decades.

• The number of geographical and temporal data points is very large (approximately 100
groundwater measurement locations and 50 precipitation measurement locations, as well as
approximately 1000 measurements of the stable isotopes and tritium activity concentrations in
groundwater and more than 1000 measurements of the stable isotopes in precipitation), which is
significant for all conclusions made.

The present analysis of data on the isotopic composition of groundwater may be useful for future
comparisons with other data in different or identical locations to obtain better knowledge on the
isotopic composition of groundwater in Croatia and in nearby countries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/7/1983/s1
and include isotope data in Tables S1–S4.
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64. Krajcar Bronić, I.; Barešić, J.; Sironić, A.; Horvatinčić, N. Stability analysis of systems for preparation and
measurement of 3H and 14C (Analiza stabilnosti sustava za pripremu i mjerenje 3H i 14C, in Croatian with
English Abstract). In Proceedings of the 9th Symposium of the Croatian Radiation Protection Association,
Krakow, Croatia, 10–12 April 2013; pp. 495–501.
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68. Brkić, Ž.; Marković, T.; Larva, O. A Hydrogeological Study for the Purpose of Defining Groundwater Exploitation
Resources in the Area of Koprivnica—Ðurd̄evac: Technical Report; Croatian Geological Survey: Zagreb, Croatia,
2014. (In Croatian)
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Abstract: The application of tritium, 2H, and 18O in the characterization of the precipitation,
groundwater, and surface and lake water of the Plitvice Lakes (PL), Croatia, over the 1979–2019
period is presented. An increase in the mean annual air temperature of 0.06 ◦C/year and in
the annual precipitation amount of 10 mm/year is observed. The good correlation of the tritium
activity concentration in the PL and Zagreb precipitation implies that the tritium data for Zagreb
are applicable for the study of the PL area. The best local meteoric water line at PL was obtained by
the reduced major axis regression (RMA) and precipitation-weighted ordinary least squares regression
(PWLSR) approaches: δ2HPWLSR = (7.97 ± 0.12) δ18O + (13.8 ± 1.3). The higher deuterium excess at
PL (14.0 ± 2.2 ‰) than that at Zagreb reflects the higher altitude and influence of the Mediterranean
precipitation. The δ2H in precipitation ranges from −132.4‰ to −22.3‰ and δ18O from −18.3 ‰ to
−4.1‰. The much narrower ranges in the groundwater (<1‰ in δ18O,<10‰ in δ2H) indicate the good
mixing of waters in aquifers and short mean residence times. The higher average δ2H in all three karst
springs observed after 2003 can be attributed to the increase in the mean air temperature. The mean
δ2H and δ18O values in the surface and lake water increase downstream due to the evaporation of
surface waters. There is no significant difference between the surface water line and the lake water
line (2011–2014). The stable isotope composition of the surface and lake waters reacts to extreme
hydrological conditions.

Keywords: Plitvice Lakes; Croatia; karst; precipitation; groundwater; surface water; lake water;
tritium; deuterium δ2H; oxygen δ18O

1. Introduction

Karst is a special type of landscape that is formed by the process of karstification—i.e.,
the dissolution of soluble carbonate rocks, mostly limestone and dolomite. Karst channels, conduits,
and fissures store relatively large quantities of groundwater, and such karst aquifers are capable of
providing large supplies of water for human consumption. The precipitation water quickly infiltrates
underground, creating a system of interconnected flow paths, and eventually re-appears at the surface
as springs. Karst aquifers, especially in areas with a high permeability, can be very vulnerable to
contamination and can enable the fast transport of contaminants through the aquifers, which can
result in the degradation of water quality [1–4]. The assessment of the impact of human activities
and recent climate changes on karst waters has to be properly considered [5]. A good understanding
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of the characteristics of karst aquifers, especially the origin of karst spring water, is essential for their
efficient protection.

The most prominent methods for the research of the origin of spring water (groundwater)
are isotopic methods, especially the application of 2H, 18O, and 3H isotopes that constitute water
molecules. They behave as conservative ideal tracers, with a broad application in hydrogeology [5–18].
Precipitation presents an input to groundwater, and therefore knowledge of the isotope composition
of precipitation is a prerequisite for groundwater studies [19]. The importance of water isotopes as
perfect tracers was recognized by the World Meteorological Organization (WMO) and the International
Atomic Energy Agency (IAEA), which established a worldwide network for the monitoring of water
isotopes—the Global Network of Isotopes in Precipitation (GNIP) [20–22]. GNIP contains data from
Zagreb, as a permanent GNIP station, and from some other locations where the isotope composition of
precipitation was monitored in different projects, including the Plitvice Lakes station [23] and references
therein. Some differences in the isotopic composition of precipitation in the continental and maritime
stations were discussed [19], and the long-term data for the station in Zagreb showed the influence of
climate change on the isotope composition [23].

Croatia is a southeastern European country situated between the eastern Adriatic coast
and the Pannonian Plain (Figure 1). Dinaric karst covers almost half of the Croatian territory [24,25],
including the islands and the Adriatic coast, the high mountain regions, and part of central Croatia.
Dinaric karst, known worldwide as the locus typicus of classical karst, is a part of the Dinarides system
and consists of very porous and permeable rocks, with many permanent and intermittent springs and a
developed underground drainage system [26,27]. Croatia is rich with clean drinking water, and in
many cases this water is groundwater originated from the karst springs [11,12,14,28].

 

Figure 1. Map of Croatia and the position of the study area: Zagreb (Zg), Plitvice Lakes (PL),
and Zadar (Zd).

The Plitvice Lakes (PL) area presents a unique system of 16 cascade flow-through lakes that are fed
by three main springs (Crna Rijeka River, Bijela Rijeka River, Plitvica River) and outflow to the Korana
River. It is famous worldwide for its beauty and diversity. The area has been protected as a part of
the national park since 1949, and since 1979 it has been included in the United Nations Educational,
Scientific, and Cultural Organisation (UNESCO) World Heritage List. The area is one of the most
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studied karst areas in Croatia, where various scientific studies have been performed since the beginning
of 20th century. During the 1970s, a group from the Rud̄er Bošković Institute joined the scientific
community with the application of isotope methods. A comprehensive overview of the investigation
conducted at the Plitvice Lakes is given in [29]. An overview of the isotope investigations in both
the karst and alluvial aquifers in Croatia [30] at approximately 100 sites in period 1997–2014 presents
an important contribution to regional knowledge of groundwater hydrology. However, the study did
not include the area of the Plitvice Lakes.

The main aim of the investigation of the group from the Rud̄er Bošković Institute was the study
of secondary carbonate precipitation in the form of tufa and lake sediment (e.g., [7,31,32]), which made
the Plitvice Lakes a unique natural phenomenon. The analysis of more than 30 years of records of
various physico-chemical parameters presented geochemical conditions for tufa precipitation in relation
to climate change [33]. Isotope methods were applied also to studies of springs and surface and lake
waters of the area [7,8,34,35]. Precipitation was also occasionally studied [36,37]. Both the isotope
and physico-chemical data at springs showed constant values in different seasons, implying that
the water was of atmospheric (meteoric) origin, of both winter and summer precipitation, and that
the recharge water was well mixed with the existing water in aquifers [7]. The short mean residence
time (MRT) of the water was determined based on the tritium activity concentration [7,8,35] and by
the stable isotopes and additional tracers (helium and neon, chlorofluorocarbons (CFCs), and sulfur
hexafluoride) [10].

Plitvice Lakes, although protected from direct anthropogenic influence, cannot be protected from
global changes such as climate change. Thus, the consideration of the lakes’ hydrology is of most
importance for the system, especially in dry summer periods [38–40]. Water warming was observed
in the surface water and springs of the Crna Rijeka and Bijela Rijeka Rivers [33]. The warming of
the waters did not endanger the tufa precipitation process, since the increase in temperature favors
both the physico-chemical and biological factors of authigenic calcite precipitation. However, an
increase in temperature contributes to the loss of water from the lakes through evaporation [10,38,40].

The aim of this paper is to present various isotope studies of different types of water bodies
(precipitation, groundwater, surface lake and river water, lake water from traps at certain depths) from
the early period of isotope applications (since 1979) to the most recent one (2018) at the Plitvice Lakes
National Park, as an area of unique geomorphological karst formation. Although the Plitvice Lakes are
of great scientific interest worldwide, an overview of the isotopic studies of its water bodies has never
been presented so far.

The results will be compared to the long-term isotope-in-precipitation data at Zagreb [23], as well
as to regional precipitation and groundwater data [30]. The aim of the paper is to evaluate the most
important hydrological inputs to the Plitvice Lakes, detect the possible influence of climate change on
karst groundwater, and eventually show what conclusions could be drawn after a long-term and rather
comprehensive study of a certain area by isotopic techniques.

2. Materials and Methods

2.1. Site Description

The Plitvice Lakes area is located in a continental, mountainous part of west Croatia (Figure 1).
The Plitvice Lakes are a system of 16 lakes developed on carbonate rocks [41] separated by tufa barriers
and interconnected by waterfalls (Figure 2). Geologically, they belong to the External Dinarides
or Dinaric-coastal area, with characteristic carbonate sediments and karstic features. The altitude
difference of the system from the springs to the Korana River is about 300 m (Figure 2b). However,
the recharge area extends to higher mountains (the highest altitude of the national park is 1279 m a.s.l.),
and the average recharge altitude is about 900 m a.s.l. [38].
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Table 1. List of sampling locations, their codes, and the types of water body samples.

Location Code Sample Type Comment

Plitvice Lakes PL precipitation study area
Zagreb Zg precipitation comparison location
Zadar Zd precipitation comparison location

Crna Rijeka River CR groundwater spring
Bijela Rijeka River BR groundwater spring

Plitvica River PR groundwater spring

Matica Ma surface water
Lake Prošćansko LP surface water
Lake Ciginovac LC surface water

Lake Burget LB surface water
Burget—Waterfall BW surface water

Lake Kozjak—Bridges KzB surface water
Korana River—Sastavci KoS surface water
Korana River—Bridge KoB surface water

Lake Kozjak IRB1 lake water water depth 6 m
Lake Kozjak IRB2 lake water water depth 8–10 m

Lake Prošćansko IRB3 lake water water depth 6 m
Lake Gradinsko IRB4 lake water water depth 2 m

Zagreb is also situated in a continental part of Croatia (to the north) (Figure 1). It belongs to
the Pannonian area characterized by its milder relief; predominantly magmatic, clastic, and metamorphic
rocks; and well-developed stream grid [42]. Zadar is located at the Adriatic Sea coast (southern Croatia)
(Figure 1), which belongs to the Dinaric coastal area.

The three selected locations of precipitation sampling differ in the altitude of the meteorological
stations; Plitvice Lakes station is situated at 550 m a.s.l., Zagreb-Grič station at 165 m a.s.l., and Zadar
at 5 m a.s.l. [19,23]. Climatologically, Zagreb and Plitvice Lakes belong to the Cfb climate class,
characterized by a temperate climate without a dry season and with a warm summer, while Zadar
belongs to the Cfa climate class, characterized by a temperate climate without a dry season but with
a hot summer [43,44]. The annual precipitation amounts in Zagreb (measured at the Zagreb-Grič
meteorological station) and Zadar are almost identical: 883 mm and 915 mm for the 1961–1990
period, and 884 mm and 882 mm for the 1991–2004 period, respectively [19]. The annual precipitation
amount is significantly higher at the Plitvice Lakes, where it ranges between 1148 and 2113 mm in
the 1986–2019 period [45]. The monthly precipitation at the Plitvice Lakes is distributed relatively
uniformly throughout the year, with slight maxima observed in spring and autumn and minimum
values in summer months. The annual temperatures range from 8.0 to 10.8 ◦C (1986–2019), with an
average value of 9.2 ± 0.5 ◦C. January is the coldest month (0 ± 2.3 ◦C on average) and July is
the warmest month (18.4 ± 1.1 ◦C) [45]. Snow falls between November and March; however, reduced
snowfall is observed in recent times compared to the older data [33,45].

The water temperature at the springs is very stable throughout the year. Nevertheless, an increase
in the spring temperatures is observed between the 1981–1986 and 2010–2014 periods in both Crna
Rijeka spring (from 7.80 ± 0.15 ◦C to 8.04 ± 0.14 ◦C) and the Bijela Rijeka spring (from 7.46 ± 0.17 ◦C
to 8.14 ± 0.53 ◦C) [33]. The temperature of the surface water downstream ranges from near zero in
winter to 23 ◦C in summer, being on the average about 12 ◦C [33,46]. The lakes can be frozen in
the winter months.
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Figure 2. Sampling locations: (a) along the water course (top view); (b) along the profile. For an
explanation of the location codes, see Table 1.

2.2. Sampling

The monthly precipitation was collected between 1978 and 1984 [36] (not continuously) and from
2003 to 2006 [11,37] at the meteorological station at the Plitvice Lakes (altitude 550 m, International
Atomic Energy Agency (IAEA) and World Meteorological Organization (WMO) station code
1432501) [23].

Groundwater samples were collected at the three main karst springs of the system: Crna Rijeka
River and Bijela Rijeka River (in the south), and the Plitvica River that joins the lake water after
the Great waterfall before the location of Korana River—Sastavci (Figure 2, Table 1).

Surface water was collected as grab samples at 8 locations along the water course for the length
of ~10 km from Matica (the main stream feeding the lakes) to the Korana River (the outflow from
the lake system) (Figure 2, Table 1). Lake water was collected at 4 sediment traps in different lakes:
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IRB1 and IRB2 in Lake Kozjak at water depths of 6 m and 8–10 m, respectively; IRB3 in Lake Prošćansko
at 6 m; and IRB4 in Lake Gradinsko at 2 m water depths (note: the water from sediment traps will
be called “lake water” in the further text). At the same time, the surface water was collected at
nearby locations.

All the sampling locations are listed in Table 1, with the location code and the type of water
body sampled. The amount of tritium activity concentration data, stable isotope data, and period of
sampling is given in Table S1.

2.3. Meteorological and Hydrological Data

The meteorological data consisted of the monthly precipitation amount (P) and the average
monthly air temperature (T). The data were obtained on request from the Croatian Meteorological
and Hydrological Service (CMHS) [45]. The meteorological records for the Plitvice Lakes, Croatia,
exist for three distinctive periods: 1986–1990, 1996–2011, and 2015–2019. The data are not complete for
all years, and in further analyses only the years with all 12 months of data will be used. The minimal
and maximal monthly values within a year were identified, and the mean annual temperature
and total annual precipitation amount were determined. CMHS [45] also provided data on the flow
rates measured at different points in the Plitvice Lakes area for the period since 1982, except for
the 1991–2001 period.

2.4. Measurement

Details on the measurement techniques and their changes were described in [23], and here we
give only a short overview. The stable isotope composition of water samples for the period up to 2003
was measured on a Varian MAT 250 dual inlet isotope ratio mass spectrometer (IRMS) at the Jožef
Stefan Institute in Ljubljana [23,47]. The measurement precision of duplicates was better than ± 0.1‰
for δ18O and ± 1‰ for δ2H. The δ2H and δ18O in the surface and lake water samples in the period
2012–2014 were measured at the JOANNEUM, Graz, Austria. The oxygen isotopic composition
was determined on a dual-inlet Finnigan DELTAplus by means of the fully automated equilibration
technique, and the isotopic composition of hydrogen was determined on a continuous flow Finnigan
DELTAplus XP mass spectrometer with a HEKAtech high-temperature oven by the reduction of water
over hot chromium [48]. All the measurements were carried out together with laboratory standards
that were calibrated periodically against international standards, as recommended by the IAEA.
The measurement precision was better than ± 0.1‰ for δ18O and ± 1‰ for δ2H [47]. The stable isotope
composition of recent samples was determined at the Laboratory for Spectroscopy of the Faculty of
Mining, Geology, and Petroleum Engineering, University of Zagreb, with a Liquid Water Isotope
Analyzer (LWIA-45-EP, Los Gatos Research), and the official LGR working standards were used.
The data were analyzed by the Laboratory Information Management System (LIMS) [49].

The tritium activity concentration (A) in all the samples was determined at the Rud̄er Bošković
Institute in Zagreb, except for some data for the 2003–2006 period [10]. The results are expressed in
tritium units (1 TU = 0.118 Bq l−1) [20,22], which represent one 3H atom in 1018 atoms of hydrogen.
The gas proportional counting technique (GPC) was used up to 2009 [34,50]. The detection limit was
2.5 TU, and the measurement uncertainty was between 2 and 5 TU, depending on the activity
concentration. Since 2008, the technique of the electrolytical enrichment of samples (LSC-EE)
and measurement by an ultra-low-level liquid scintillation counter Quantulus 1220 was used [51].
The detection limit obtained by the LSC-EE technique was 0.5 TU, and the measurement uncertainty
was between 0.5 and 3 TU [51].
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2.5. Data Analysis

The results of the stable isotope analyses are reported as δ-values—i.e., the relative difference in
isotope ratios of the sample and the standard [52]:

δS/R =
RSample

RReference
− 1, (1)

where RSample and RReference stand for the isotope ratio (R = 2H/1H and R = 18O/16O) in the sample
and the reference material (standard), respectively. The δ-values are dimensionless and small,
and therefore they are expressed in per mill (‰) [21,52–54]. The international standard VSMOW
(the Vienna Standard Mean Ocean Water) is used [23,54,55]. The δ2H and δ18O isotopic compositions of
meteoric waters (precipitation and atmospheric water vapor) are strongly correlated, and the relation
in Equation (2) is referred to as the global meteoric water line (GMWL) [53,55–57].

δ2H = 8.0·δ18O + 10 (2)

The GMWL describes the general relation between δ2H and δ18O on a global scale reasonably well.
However, for applications in hydrogeological studies, regional local meteoric water lines (LMWLs),
either long-term or for certain shorter periods, can be more appropriate [23,58,59]. Generally, a LMWL
has the form δ2H = a δ18O + b, where a is the slope and b is the intercept. LMWLs can differ from
the GMWL in terms of both the slope and intercept values, depending on the conditions for forming a
local water source [21,58–60].

The deuterium excess (d-excess, or d) was calculated from the paired monthly data according to
Equation (3) [56]:

d = δ2H − 8 δ18O. (3)

This can be related to the meteorological conditions in the source region from which the water
vapor is obtained [20,21,58–60]. Autumn and winter precipitation originating from the Mediterranean
Sea is characterized by distinctly higher d-excess values (d > 18‰) than precipitation coming from
the Atlantic (d ~ 10‰), reflecting the specific source conditions during water vapor formation [19,59,60].

Correlations between various data points were obtained as ordinary least squares regressions
using standard commercial software. Pearson’s coefficient r is given, as are the number of data pairs
n and the p-values describing the statistical significance of the correlations. The data taken from
the literature usually have the adjacent R2 value reported.

In the special case of calculating the a- and b-values of LMWLs, different methods were applied:
ordinary least squares regression (OLSR), reduced major axis regression (RMA), and major axis least
squares regression (MA, or the orthogonal regression) [61,62]. We calculated precipitation-weighted
regressions (PWLSR, PWRMA, and PWMA) [61–63], which took into account the precipitation amount
in a particular month. The local meteoric water lines are defined as LMWLOLSR, LMWLRMA, LMWLMA,
LMWLPWLSR, LMWLPWRMA, and LMWLPWMA. For calculating the regressions from data sets of at least
36 continuous monthly records, we used the Local Meteoric Water Line Freeware [64]. The software
also calculated an average of the root mean square sum of squared errors (rmSSEav), which is a relative
error that allows for a comparison of different methods; the closer the value of rmSSEav is to 1.0,
the better the regression method is for that set of data [61].

3. Results and Discussion

In this section, we present an analysis of the climatological parameters (temperature T
and precipitation amount P) in the area of the Plitvice Lakes, followed by the isotope composition
(tritium activity concentration, δ2H and δ18O values) of precipitation, groundwater, and finally
the surface and lake waters.
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3.1. Temperature and Precipitation Amount

The monthly mean temperatures in three periods when data are available—1986–1990, 1996–2011,
and 2015–2019—show an increase in temperature in all months (Figure 3a). The increase is statistically
significant at 5% (p < 0.05) in June, July, August, and November, and at 10% (p < 0.10) in April.
When the mean annual temperatures in the 1986–2019 period are compared (Figure 3b) (only years
with data for all 12 months), an increase with the slope of 0.06 ± 0.01 ◦C per year is observed, and n = 16,
r = 0.85, p < 0.05. The mean annual temperature at the Zagreb-Grič station in the 1976–2018 period
showed a significant increase, with a slope of 0.071 ± 0.008 ◦C per year (r = 0.82, p < 0.05) and a
faster increase in the maximal annual temperatures (0.09 ± 0.02 ◦C per year, r = 0.69) [23], which is
in accordance with the observation at the Plitvice Lakes, although the set of meteorological data at
the Plitvice Lakes is not complete. The mean temperatures in the three periods with available data
(Table 2) show a constant increase.

T

 

T

(a) (b) 

Figure 3. (a) Monthly mean temperatures at the Plitvice Lakes meteorological station in the three
periods when data are available; (b) mean annual temperatures at the Plitvice Lakes in 1986–2019
(only years with complete data for 12 months are shown).

Table 2. Mean annual temperature and annual precipitation amount in the three periods with available
meteorological data.

Period T (◦C) P (mm)

1986–1990 8.7 ± 0.5 1480 ± 170
1996–2011 9.4 ± 0.5 1580 ± 330
2016–2019 10.4 ± 0.4 1745 ± 60

The annual increases in temperature at both the Zagreb and PL stations can be compared with
the global temperature increase and the temperature increase in the city of Ljubljana in Slovenia.
Ljubljana shows a distinctive air warming trend, particularly in the period 1979–2008, of 0.06 ◦C per
year [65]. Although this period does not include the hottest years on record globally (2014–2018),
with 2016 being the hottest year [66], the value of the increase is consistent with the values obtained
for Zagreb [23] and the Plitvice Lakes. Moreover, all the data are higher than the globally observed
temperature change of 0.018 ◦C per year in the 1980–2020 period [67]. A recent study [68] indicated
that the cities in East Europe, including Ljubljana, will experience air warming at a higher extent than
is observed globally.

The monthly mean precipitation amounts show no significant seasonal variations (Figure 4a),
although a slight minimum is observed in the summer months, and slightly higher values in spring
and autumn. Higher fluctuations within a month are observed in the most recent period (2015–2019)
compared to the older ones (Figure 4a). The annual precipitation amounts increase with a slope of

62



Water 2020, 12, 2414

10 ± 7 mm per year, r = 0.31 (Figure 4b, Table 2). A wider range in the monthly and annual precipitation
amount values has been observed (Figure 4b, Table 2), as observed also in the data for Zagreb [23].
The long-term (1976–2018) annual precipitation amount at Zagreb showed a slight, statistically not
significant, increase of 1.4 ± 1.7 mm per year. However, the most prominent characteristics of the data
were the higher deviations of the annual values in the period after 2000 from the mean value for
the whole period [23].
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Figure 4. (a) Monthly mean precipitation amount at the Plitvice lakes meteorological station in the three
periods when data are available; (b) annual precipitation amounts at the Plitvice Lakes in 1986–2019
(only years with complete data for 12 months are shown).

3.2. Isotope Composition of Precipitation

The record of the tritium activity concentration (A) in the precipitation for Plitvice Lakes (Table S2)
is not as complete as the one for Zagreb precipitation [23] (Figure 5). The most complete data for Plitvice
Lakes are recorded from mid-1980 to mid-1982, and later from mid-2003 to mid-2006. Both records
exhibited a seasonal pattern typical of the continental stations of the Northern Hemisphere; the maximal
monthly 3H activity concentrations were observed between May and July, mostly in June, and the lowest
3H activity concentrations were observed in winter. Seasonal variations were superposed on the basic
decreasing trend of the mean annual values. The data for Zagreb show that, after 1996, there is no
significant decrease in the A values of precipitation. The mean value of A in the precipitation at Zagreb
for the 1995–2018 period was 8.5 ± 1.2 TU [23], and in the 2003–2006 period it was 7.7 + 1.8 TU, while
that for the precipitation at Plitvice Lakes in the 2003–2006 period was 7.4 ± 4.5 TU, with the highest
value of 18.8 TU in July 2006 and winter values close to the detection limit of the GPC method.

It is obvious (Figure 5) that the tritium activity concentration in the precipitation at Plitvice Lakes
follows the trend of the precipitation in Zagreb. The linear correlation between the two sets revealed a
line with a slope of (1.02 ± 0.04), n = 62, r = 0.96, and the paired t-test showed that at the 0.05 level,
the two sets of data are not significantly different.

The δ2H values in the Plitvice Lakes precipitation range from −132.4‰ (February 2005, monthly
temperature −4.1 ◦C) to −22.3‰ in August 2003 (monthly temperature 21.7 ◦C) (Table S2, Figure 6).
The extreme δ18O values, −18.3% and −4.1‰, were observed in the same months. The mean δ2H
and δ18O values in the period from July 2003 to September 2006 are −65.3‰ and −9.9‰, respectively.
However, if the 3-year cycle is taken into account (July 2003–June 2006) the corresponding values
are −67.5‰ and −10.2‰, respectively. These values can now be compared to the Zagreb values in
the same period 2003–2006, which are −59.7‰ and −8.3‰ for δ2H and δ18O, respectively, resulting in
difference of 1.9‰ in δ18O between Zagreb and the Plitvice Lakes. Differences in the mean annual
temperatures at Zagreb (12.3 ◦C [23]) and the Plitvice Lakes (9.4 ◦C, Table 2) can account for about
1‰ difference in the δ18O values, taking into account the temperature gradient of 0.331‰ per ◦C [23].
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A difference in altitude of 385 m and the altitude effect of 0.28‰ per 100 m altitude difference [19]
would account for a further 1.1‰, giving a total difference of 2.1‰ in δ18O, which is in good agreement
with the observed difference, taking into account limited number of isotope data for the Plitvice Lakes.

A

Figure 5. Tritium activity concentration in the precipitation at Zagreb and Plivice Lakes for the 1978–1984
and 2003–2006 periods.

Table 3. Values of slopes (a ± σa) and intercepts (b ± σb) for LMWLs obtained by different regression
methods for precipitation at the Plitvice Lakes, Zadar, and Zagreb. OLSR: ordinary least squares
regression; RMA: reduced major axis regression; MA: major axis least squares regression; PWLSR,
PWRMA, and PWMA: precipitation-weighted respective regressions; n—number of data points
included; rmSSEav—average of the root mean square sum of squared errors [60]. In bold: approaches
that describe LMWL the best.

Location and Period Method n a ± σa b ± σb rmSSEav

Plitvice Lakes OLSR 36 7.85 ± 0.12 12.46 ± 1.23 1.0016
2003–2006 RMA 36 7.88 ± 0.12 12.77 ± 1.20 1.0006

MA 36 7.91 ± 0.12 13.06 ± 1.24 1.0016
PWLSR 36 7.97 ± 0.12 13.82 ± 1.32 1.0000
PWRMA 36 8.00 ± 0.12 14.15 ± 1.32 1.0073
PWMA 36 8.04 ± 0.12 14.47 ± 1.32 1.0162

2003–2005 [10] OLSR 24 7.85 ± 0.12 12.46 ± 1.23 1.0016

Zadar OLSR 36 6.57 ± 0.41 1.55 ± 2.37 1.0262
2003–2004 RMA 36 6.70 ± 0.40 3.76 ± 2.31 1.0100

Data from [19] MA 36 7.43 ± 0.440 6.01 ± 2.52 1.0259
PWLSR 36 7.27 ± 0.50 5.95 ± 3.03 1.0000
PWRMA 36 7.84 ± 0.51 9.23 ± 3.09 1.0525
PWMA 36 8.44 ± 0.54 12.67 ± 3.26 1.1433

Zagreb OLSR 121 7.43 ± 0.11 2.59 ± 0.97 1.0048
1996–2006 RMA 121 7.52 ± 0.10 3.35 ± 0.96 1.0019

[23] MA 121 7.60 ± 0.11 4.08 ± 0.98 1.0047
PWLSR 121 7.38 ± 0.11 2.68 ± 0.95 1.0095

PWRMA 121 7.47 ± 0.11 3.44 ± 0.95 1.0024
PWMA 121 7.56 ± 0.11 4.19 ± 0.96 1.0018

1980–2018 [23] RMA 389 7.74 ± 0.06 5.57 ± 0.55 1.0019

RMWL_cont 2008–2013 [30] OLSR 524 7.4 ± 0.005 4.1 ± 0.5 R = 0.99
RMWL_coast 2008–2013 [30] OLSR 655 7.0 ± 0.08 4.4 ± 0.5 R = 0.96
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Figure 6. Stable isotope composition of the precipitation at the Plitvice Lakes (PL) and the LMWLs
obtained by the reduced major axis regression (RMA) and precipitation-weighted ordinary least squares
regression (PWLSR) methods (Table 3). Local Meteoric Water Lines (LMWLs) for Zagreb (RMA method)
and for Zadar (RMA and PWLSR methods) as well as the Global Meteoric Water Line (GMWL)(δ2H = 8
δ18O + 10) are shown for comparison.

In order to determine the relation between the δ2H and δ18O values in the precipitation of Plitvice
Lakes—i.e., the LMWL of the form δ2H = (a ± σa) δ18O + (b ± σb)—we performed linear regression
by different approaches (Table 3). For comparison, the analysis for the Zagreb precipitation is taken
from [23], while the data for Zadar [19] were analyzed here also by applying the same approaches
(Table 3). The analysis of the stable isotope composition of the Plitvice Lakes precipitation is based
on 36 data pairs from 2003–2006 (Table 1, Table S2). The LMWLs obtained by various correlation
methods for all three precipitation stations (PL, Zg, and Zd) are shown in Table 3. The best results for
the Plitvice Lakes and Zadar precipitation were obtained by the RMA and PWLSR approaches (marked
in bold in Table 3), while the Zagreb precipitation data were best described by the RMA and PWMA
approaches (marked in bold in Table 3). The LMWLs obtained by the best approaches are shown in
Figure 6. The LMWLRMA and LMWLPWLSR for PL have slopes close to slope 8 of the Global Meteoric
Water Line (GMWL), but slightly higher intercepts. The slope of the Zd LMWLs is lower, as well as
the intercepts, caused by evaporation during the summer months [19]. In general, the Plitvice Lakes
LMWL lines lie above the GMWL and LMWLs for Zagreb, and are close to the LMWLs for Zadar
(Figure 6). Several precipitation sampling campaigns of precipitation related to the cave drip water
studies in the karst area of Croatia revealed similar results for LMWLs: sites along the coast at low
altitudes gave values of slope (6.6–6.8) and intercept (3.8–6.7) similar to those obtained for Zadar, while
continental stations gave slopes (7.1 to 7.8) and intercepts (2.3 to 14.5) closer to the ones of Zagreb
and the Plitvice Lakes [25].

The deuterium-excess monthly values at the Plitvice Lakes range from 7.7‰ (January 2004) to
17.9‰ (January 2005), with the mean value of 14.0 ± 2.2‰. These values are higher than those for
the Zagreb precipitation, where the mean annual d-excess values ranged between 2.3‰ and 10.7‰,
and in the 2003–2006 period the mean value was 8.8 ± 0.8‰ [23]. The higher d value may be explained
by the observed increase in the d-excess value with the altitude [2,19], but also by the more intense
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influence of the Mediterranean air masses in the area of Plitvice lakes [13,19], which is shown here by
the relative position of the LMWL compared to the GMWL (Figure 6). Similar high d-excess values
(between 11.0 and 18.6) were found for several precipitation sampling locations in the continental karst
area at altitudes between 300 and 1550 m [25].

The deuterium excess values for the Zagreb precipitation were higher in autumn than in
spring. [19,23,69]. The higher d-excess in autumn indicates a higher influence of the Mediterranean
air masses in these months. A similar pattern of the monthly d-excess distribution was observed for
the Plitvice Lakes station (Figure 7), with higher d-excess monthly values observed in the autumn–winter
precipitation (September–December, 15.2 ± 0.4‰). The lowest mean monthly d-excess values were
observed in the summer (July–August, 12.5 ± 1.0‰).

d

Figure 7. Deuterium-excess values in the precipitation at Plitvice Lakes, 2003–2006 monthly data,
and mean monthly values.

It should be mentioned here that the δ18O values from the 1983–1984 period ranged from −7.2‰
to −13.1‰, the δ2H from −46.0‰ to −94.4‰, and the d-excess from 8.9‰ to 11.5‰, based on only five
data points for the monthly isotope composition of the precipitation at the Plitvice Lakes [7,8].

3.3. Groundwater

The tritium activity concentration in the three main springs of the Plitvice Lakes (Figure 8) shows
a general decrease over the sampling period, but the seasonal variations are much smaller than those
for precipitation (Figure 5), and its values fluctuate around the mean annual A values for precipitation.
The A values in the Bijela Rijeka springs were always higher than in the other two springs.

Due to a constant decrease in the A values and the non-equal number of data for each spring,
we compared the A values in the Crna Rijeka and Bijela Rijeka springs in 1984 and 2015 (Figure 9a).
The lower values in 2015 are not surprising, as well as the higher A values in BR than in CR (by a
factor of about 1.3 in 1984 and 1.4 in 2015). In addition, the relative standard deviations of 7.8% in 1984
and 1.3% in 2015 in A for BR were smaller in both periods than those for CR (17% and 9%, respectively).
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Figure 8. Tritium activity concentration in groundwater (CR, BR, and PR springs), 1978–2016. Data for
the CR and BR springs in the spring–summer of 2015 are shown in the insert.
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Figure 9. (a) Comparison of the tritium activity concentration in the Crna Rijeka (CR) and Bijela Rijeka
(BR) springs in 1984 and 2015; (b) comparison of the δ2H values in the CR, BR, and Plitvica River (PR)
springs in the two periods, 1979–1990 and 2003–2019.

The range in the δ18O in precipitation was 14.2‰ and in δ2H it was 110.1‰ (Table S2). However,
the ranges in the δ values in groundwater (at springs) were much lower, at less than 1‰ in δ18O
and less than 10‰ in δ2H (Figure 10). Again, we compared the δ2H values in each spring in the two
different periods, 1979–1990 and 2003–2019 (Figure 9b). It can be noticed that, in each period, all three
springs have similar values, and Bijela Rijeka has the narrowest range in both periods. Interestingly,
all three springs have higher δ2H values in the second period, 2003–2019, by 3–5‰. Earlier, we noticed
an increase in temperature in the area, and this increase in the δ2H values in spring can be attributed to
the increase in temperature of 1.2 to 1.9 ◦C when the two periods are concerned, which is in agreement
with the increase in temperature of 0.06 ◦C per year (Figure 3b).
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δ

Figure 10. The δ2H values in groundwater (CR, BR, and PR springs), 1978–2019. Note the break
between 1991 and 2003.

Although the isotope data presented above and the physico-chemical and carbon isotope data
from previous studies [7,33,46] indicate that the three springs originated from different hydrogeological
units, and in principle different groundwater water lines should be obtained, the δ2H and δ18O data in
the three springs cluster together along the LMWL line for the Plitvice Lakes, and the Groundwater
Water Line (GWL) is determined for all the springs (Figure 11, Table 4):

δ2H = (5.7 ± 0.7) δ18O + (−10 ± 7), n = 31, r = 0.84. (4)

δ

δ
Figure 11. Groundwater water line (GWL) for the three springs, all data after 2000, GWL is given by
Equation (4). Comparison with the LMWLPWLSR for the Plitvice Lakes (Table 3).
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Table 4. Values of the slopes (a ± σa) and intercepts (b ± σb) for the groundwater line (GWL), surface
water lines (SWL), and lake water lines (LWL).

Type of Line Slope Intercept n r Ref.

GWL, 1983–1984 7.8 8.5 13 [7]
RGWL_karst 7.0 4.2 340 R2 = 0.98 [30]

GWL, 2000–2018 5.7 ± 0.7 −10.1 ± 7.3 31 0.84
SWL, 2003–2005 5.0 ± 0.6 −17.3 ± 5.9 35 0.86 [10]
SWL, 2011–2014 6.3 ± 0.3 −3.4 ± 2.7 87 0.94
LWL, 2011–2014 5.8 ± 0.3 −9.4 ± 3.0 42 0.95

The GWL (Equation (4)) has both a lower slope and a lower intercept than the LMWL (Table 3),
which may be a consequence of water evaporation during its flow in karst aquifers, but also due to a
very narrow range of the δ2H values for BR. The regional groundwater line (RGWL) for the Croatian
karst area, based on 340 karst springs, revealed a slope of 7.0 and an intercept of 4.2 (Table 4) [30].

The physico-chemical parameters in the spring waters (temperature, pH, ion concentrations)
were also very constant throughout year, and all these together indicated a good mixing of water,
uniformly recharged during the year in ground water karst aquifers, and the mean residence time of
several years [7,33,46]. The conclusion was confirmed by applying the tritium activity concentrations
in groundwater/springs for the determination of the Mean Residence Time (MRT) by the exponential
model, which supposed a complete mixing of a new recharge with the already existing water in
the aquifer [6–8,70]. The measured A values for the Zagreb precipitation were used as the input
data. The MRT values of different karst springs were very short [8], ranging between 1 and 4 years
on average. Among the three springs in the Plitvice Lakes area, the Crna Rijeka spring (CR) had
the shortest MRT (2 years) and the Bijela Rijeka spring (BR) had the longest of about 4 years. All these
data corroborate the previously obtained isotope data: the longer the MRT, the smaller the range of
the isotope composition of groundwater (Figure 9).

The extreme climatological characteristics in 1983 and 1984 that enabled the determination of
the relative contributions of base-flow and precipitation in the three karst springs are of special interest
here. Summer and fall/autumn 1983 were extremely warm and dry, so the aquifers were not completely
recharged, and as a result the older water with higher tritium activity concentrations appeared at
the springs (Figure 12a). In the following autumn, abundant precipitation was recorded, as well as a
high amount of snow in the winter months (February and March 1984), and these caused lower tritium
activities in springs in the spring of 1984 (Figure 12a). There are no available P and T data at the Plitvice
Lakes in 1983 and 1984. However, the data for Zagreb could help describe the climatological conditions
in these years. The mean annual temperature in Zagreb in 1983 was 12.1 ◦C, which is higher than that
in 1982 (11.7 ◦C) and in 1984 (10.9 ◦C), and also higher than the average temperature for the 1980–1985
period of 11.2 ± 0.9 ◦C [23]. The precipitation amount in 1983 was 755 mm, which is lower than that
in 1982 (805 mm) and in 1984 (897 mm), and also lower than the mean P in the 1980–1985 period
(843 ± 67 mm) [23]. The flow rates at all three springs in autumn 1983 were very low (the lowest flow
rates in November 1983: 0.36, 0.018, and 0.12 m3 s−1 for CR, BR, and PR, respectively), much lower
than the average flow rates in 1983 (1.327, 0.387, and 0.407 m3 s−1 for CR, BR, and PR, respectively) or
the long-term averages (1.41, 0.466, and 0.668 m3 s−1). At all three springs, the highest flow rates were
measured in April 1984 (9.12, 1.81, and 13.3 m3 s−1 for CR, BR, and PR, respectively) [45] (Figure 12b).
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Figure 12. (a) Tritium activity concentration in the CR, BR, and PR springs in 1983 and 1984,
when extreme hydro-meteorological conditions appeared; (b) flow rates at the CR, BR, and PR springs
during 1983–1984. Symbols refer to the maximal flow rates in respective months, and lines represent
the mean annual flow rates in 1983 and 1984.

The exponential model was applied for MRT calculation under the conditions of the highest
and lowest A values in springs, although strictly the exponential model is not valid for non-uniform
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recharge. The calculated MRT from the higher A values in summer was doubled, for CR to 4 years
and for BR to 8 years, in comparison with the previously determined 2 and 4 years, respectively.
A significant decline in the tritium activity concentrations in springs was observed after abundant
autumn and winter precipitation with lower tritium activity concentrations [7,8,35]. The lowest A values
were observed at all three springs in April 1984 after intensive snow melting, and the corresponding
MRTs were lower, at ~1 year and ~2 years for CR and BR, respectively. The lowest δ2H values in spring
in April 1984 (Figure 10) reflected the high contribution of winter precipitation. Knowing the A of
precipitation, and the A in springs at the highest values (during the dry period) and at the lowest ones
(April 1984), a fraction of precipitation input in the groundwater was estimated. The fraction of new
(precipitation) water in April 1984 was the highest in CR, at about 90%, and was about 60% in PR,
while BR consisted of approximately equal proportions of old groundwater and new input (50% each).

A similar conclusion about the mixing of quick and slow components in the springs of the Plitvice
Lakes area was obtained by multiple tracers [10,11]. To obtain the MRTs, a multi-tracer lumped
parameter modelling approach was applied using the time series of stable isotopes (2H and 18O)
and tritium with a monthly resolution, as well as noble gases and CFCs. The average MRT of most
springs was less than 5 years [10,11]. Two components of the groundwater flow were distinguished:
the quick flow in the conduit network with an MRT of up to 0.5 years, and the slow component of
the matrix of a fissured-porous aquifer with an MRT of up to 28 years [10,11].

3.4. Surface and Lake Waters

A relatively large set of δ2H data in surface waters in the period 2003–2005 can be found in [10],
but the number of δ18O data is significantly lower (Table S1). The data show seasonal fluctuations,
with maxima in late summer and minima in late winter (Figure 13a). However, the amplitude in
δ2H of less than 10‰ is much smaller than the amplitude of the δ2H values in precipitation (about
110‰, Figure 6), and reflects the isotope composition of groundwaters (Figure 6). The maxima are
not observed at all locations at the same time due to the retention of water in the two large lakes
(Lake Prošćansko and Lake Kozjak). The two subsequent locations, LB before Lake Kozjak and KzB
at the end of Lake Kozjak, show a very similar seasonal pattern, with a delay of approximately two
months. The data are almost identical at locations KzB and KoB, although four smaller lakes are
situated in between, indicating a fast flow of water through the small lakes. The average values increase
in the downstream direction (Figure 13b) due to the evaporation of the surface waters, resulting in a
Surface Water Line (SWL) with a lower slope (5.0± 0.6) and intercept (−17± 6) than the PL LMWLPWLSR

line (Table 4).
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Figure 13. (a) δ2H values in the surface waters, 2003–2005, data from [10]; (b) box-plots of δ2H values
at the same locations.
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The more recent sampling campaign (between 2011 and 2014) included also lake water from
sediment traps at certain water depths (Table 1, Figure 14a, Figure S1). No difference between lake water
at selected depths and surface waters at the closest sampling sites is observed when the mean values
are concerned, as can be seen from basic statistics data presented in Table S3. A slight increase in both
the mean δ2H and δ18O values and their seasonal variations is observed for locations along the water
course. The δ18O increased from −10.7 ± 0.1‰ at Matica to −10.3 ± 0.2‰ at the Korana River–Sastavci
(KoS) (Figure S2). Similarly, the δ2H increased from −71.4 ± 1.1‰ at Matica to −69.0 ± 1.7‰ at KoS
(Figure 14b). Both the δ2H and δ18O are slightly lower at the final location in this study, KoB, probably
due to some local groundwater input along the Korana River course. There is no significant difference
between the isotope composition of the lake water and the corresponding surface water.

 lake water

 surface water

δ 

 

δ

 

(a) (b) 

Figure 14. (a) Seasonal variation in the δ2H of surface and lake waters for 2012–2014. For an explanation
of groups (a,b), see text. (b) Box-plots of δ2H values at the same locations.

All the surface waters (2011–2014) lie on the line δ2H = (6.40 ± 0.26) δ18O–(3.4 ± 2.7), r = 0.94
(Surface Water Line (SWL) 2011–2014, Table 4, Figure 15), and the lake water from traps on the line
δ2H = (5.8 ± 0.3) δ18O–(9.4 ± 3.0), r = 0.95 (Lake Water Line (LWL), Table 4, Figure 15). The SWL line
for 2011–2014 is slightly steeper that the SWL for 2003–2005 (Table 4), which could be explained by
the different locations and differences in climatological conditions (2003 was the warmest year in Zagreb
and at the Plitvice Lakes in those periods [45]). Additionally, there is no significant difference observed
between the SWL and LWL (2011–2014), although both have lower slopes than the LMWLPWLSR

obtained for the PL area (Figure 15). The lower slopes and intercepts of both SWL and LWL relations
compared to the LMWL indicate the influence of the evaporation of surface waters, which is more
pronounced in big lakes.

To justify this conclusion, for all the surface and lake waters from the 2011–2014 sampling campaign
we prepared the relations δ2H vs. δ18O, and the slopes and intercepts are shown in Table S4. A general
decrease in both the slopes and intercepts in the downstream direction is observed. The lowest values
are found in the biggest Lake Kozjak (IRB1, IRB2, and KzB).

The tritium activity concentration was determined in the surface water at the locations Matica
and Lake Kozjak–Bridges in 2015, at the same time as in the groundwaters at the CR and BR springs
(Figure 8, insert). The lowest mean A value was observed at CR (4.3 ± 0.4 TU, n = 5), and the highest at
BR (5.5 ± 0.1 TU, n = 4), and the A values the surface waters were in between them (Ma: 4.8 ± 0.2 TU,
n = 5, KzB: 5.1 ± 0.2, n = 4) (Figure S3), as one would expect after the merging of the Bijela Rijeka River
and the Crna Rijeka River into the Matica River.
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Figure 15. A relation of δ2H vs. δ18O for the surface and lake waters at the Plitvice Lakes, 2011–2014.
SWL and LWL are shown (Table 4), as well as LMWLPWLSR for the Plitvice Lakes.

Although the range of δ18O values in the lake water is not large, systematic data can help in
identifying extreme hydrological events, similar to the event in 1983–1984 explained earlier. The relation
between δ18O and water temperature (Figure 16) shows a generally increasing trend, as would be
expected from the general relation of δ18O in precipitation with temperature [23]. The influence of heavy
summer rains and snow melting was observed by a slight increase and decrease, respectively, in the δ18O
values compared to the average (“normal”) values in both the surface and lake waters. The higher
δ18O data points (group a, Figure 16) are the consequences of heavy summer rains. For example,
in May and June 2012 the monthly precipitation amounts of 90 mm and 144 mm were recorded in
Zagreb, with δ18O values of −4.63‰ and −5.32‰, respectively [23]. Unfortunately, data neither for
the precipitation amount nor the δ18O in precipitation are available for these months at the PL area.
Nevertheless, the effect of the isotopically heavier precipitation is visible in group a (Figure 16), as well
as in Figure S2. The isotope data of group b (Figure 16) are a consequence of the abundant isotopically
lighter precipitation (rain and snow) during January–March 2013; the amount of precipitation was 148,
105, and 126 mm in January, February, and March 2013, respectively, with the δ18O values of −12.04‰,
−13.73‰, and −11.22‰, respectively (all the data are for Zagreb [23]). The effect of the relatively
lower δ18O and δ2H values was observed in all the surface and lake waters in April 2013 (Figure 14a
and Figure S2).
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Figure 16. A relation of the δ18O vs. water temperature for lake waters, 2012–2014. Group a: after
heavy summer rains; group b: after abundant winter precipitation and snow melting.

4. Conclusions

In this paper, we presented an overview of the application of tritium and stable isotopes of water
(2H, 18O) on the characterization of different water bodies (precipitation, groundwater, surface water,
lake water) of the karst area of the Plitvice Lakes, Croatia. Various studies were performed over a
relatively long time period (1979–2018, with a gap between 1990 and 2001). The available climatological
data (amount of precipitation, air temperature) were also analyzed in a search for the evidence of
climatological changes. The isotope data were compared to the continuous long-term data record for
Zagreb precipitation.

The main conclusion/results of this overview are the following:

• An increase in the mean annual air temperatures of 0.06 ◦C per year is observed for the period
1986–2019. An increase in the annual precipitation amount is also observed, at about 10 mm per year,
and the range of the monthly precipitation amounts is higher in recent years.

• Tritium activity concentration in the Plitvice Lakes precipitation shows characteristics typical
for the northern hemisphere. A good correlation of the tritium activity concentration in
the precipitation at the Plitvice Lakes with that in the Zagreb precipitation is observed, implying
that the tritium data for Zagreb can be safely used for the study of the PL area if/when data do not
exist for the PL precipitation.

• The range of the δ18O in precipitation was about 14‰, and in δ2H it was about 110‰. Various
regression approaches for the determination of LMWL were applied, and the best results were
obtained by the RMA and PWLSR approaches, which gave also the best results for the stations
Zagreb and Zadar. The LMWLPWLSR for PL is δ2H = (7.97 ± 0.12) δ18O + (13.8 ± 1.3), n = 36,
for the period 2003–2006. This LMWL lies in between the LMWL for Zagreb and Zadar.

• The deuterium excess for precipitation at the Plitvice Lakes is higher than that for the Zagreb
precipitation. This is caused by the combination of higher altitude and the more intense influence
of the Mediterranean air masses. The seasonal pattern in d-excess is similar to that in Zagreb,
with higher values in the autumn precipitation due to the higher influence of precipitation of
Mediterranean origin.

74



Water 2020, 12, 2414

• The ranges in the δ values in groundwaters (at springs) were much narrower than those in
precipitation, at less than 1‰ in δ18O and less than 8‰ in δ2H, indicating the good mixing of
waters in karst aquifers.

• The higher mean δ values in all three karst springs were observed in recent decades (2003–2019)
than in the older period 1979–1990. It can be attributed to the increase in the mean air temperature.

• Different values of mean residence time (MRT) were obtained for three main springs (between
2 years for Crna Rijeka spring and 4 years for Bijela Rijeka spring). Extreme climatological
and hydrological conditions in 1983–1984 enabled the estimation of the proportions of precipitation
in the spring water: the shorter the MRT, the higher proportions of precipitation.

• The amplitude in the δ2H of surface and lake water is less than 10‰, and < 1.4‰ in δ18O, similar
to that in the groundwaters. A slight increase in both the mean δ2H and δ18O values and their
seasonal variations is observed for locations along the water course due to the evaporation of
surface waters. No difference between lake and surface waters is observed if the mean values
are concerned. There is no significant difference observed between the Surface Water Line (SWL)
and Lake Water Line (LWL) (2011–2014), both having lower slopes than the LMWLPWLSR obtained
for the PL area. The stable isotope composition of the surface and lake waters reacts to the extreme
hydrological conditions.

The long-term and comprehensive isotope study of different water bodies in the area of the Plitvice
Lakes can be an example of how the application of water isotopes (2H, 18O, 3H) can help in
the characterization of karst aquifers on the regional and global scales. The presented data have also
shown what could be the topic of future research. A systematic long-term monitoring of water isotopes
should be established, which could, together with the new data from the hydrogeological research,
result in more detailed definition on the groundwater flow through the research area and possibly
differentiate the aquifers from which the Plitvice Lakes receive the water. The usefulness of the tritium
activity concentration in hydrogeological research has become recently of less importance due to
the relatively constant mean value of A in precipitation during the last three decades. However,
the monitoring of A in precipitation at the Plitvice Lakes may help in distinguishing global from local
influences on tritium in precipitation. The further monitoring of the stable isotope data in groundwaters
and surface water in relation to the global and local climate changes can give valuable data for
the protection of waters, as well as tufa and biota in the area. The development of the hydrogeological
conceptual model is also foreseen.
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40. Rubinić, J.; Zwicker, G.; Dragičević, N. Contribution to knowing Plitvice Lakes hydrology—lake
water level variation dynamics and significant changes. In Proceedings of the Meeting Hydrological
Measurements and Data Processing (“Hidrološka mjerenja i obrada podataka”), NP Plitvice Lakes, Croatia,
26–28 November 2008; pp. 207–230, (In Croatian, English abstract).
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Abstract: Speleothems deposited from cave drip waters retain, in their calcite lattice, isotopic
records of past environmental changes. Among other proxies, δ18O is recognized as very useful for
this purpose, but its accurate interpretation depends on understanding the relationship between
precipitation and drip water δ18O, a relationship controlled by climatic settings. We analyzed water
isotope data of 17 caves from different latitudes and altitudes in relatively small but diverse Croatian
karst regions in order to distinguish the dominant influences. Drip water δ18O in colder caves
generally shows a greater resemblance to the amount-weighted mean of precipitation δ18O compared
to warmer sites, where evaporation plays an important role. However, during glacial periods,
today’s ‘warm’ sites were cold, changing the cave characteristics and precipitation δ18O transmission
patterns. Superimposed on these settings, each cave has site-specific features, such as morphology
(descending or ascending passages), altitude and infiltration elevation, (micro) location (rain shadow
or seaward orientation), aquifer architecture (responsible for the drip water homogenization) and
cave atmosphere (governing equilibrium or kinetic fractionation). This necessitates an individual
approach and thorough monitoring for best comprehension.

Keywords: stable isotopes; drip water; speleothem; cave; Croatia

1. Introduction

Understanding the mechanisms and extent of past environmental changes is a key consideration
for predicting global climate changes. Most impacted and potentially endangered is Earth’s Critical
Zone (ECZ), the thin surface zone that extends from the upper limit of vegetation to the lower limit of
groundwater bodies in which coupled chemical, biological, physical, and geological processes operate
together to sustain life [1]. This is an extremely heterogeneous zone whose natural functioning is strongly
regulated by climate, i.e., changes in temperature and hydrology and their influence on vegetation
and soil evolution [2]. One of the natural archives which confidentially record hydroclimate changes
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in ECZ are speleothems—secondary carbonate deposits that precipitate in a cave environment from
groundwaters (cave drip water) supersaturated with respect to calcite following CO2-driven dissolution
of carbonate bedrock [3]. The importance of speleothems for paleoenvironmental reconstructions
through the use of stable isotopes was recognized in the 1960’s [4], especially the ability of δ18O to
record cave temperature variations [5]. In the following decades, various other proxies have emerged,
such as trace elements (Mg, Sr, Y, Pb, Zn, P, U), organic acids, lipid biomarkers, magnetic susceptibility,
laminae thickness and growth rate variations, along with development of very precise and accurate
dating techniques (U-Th, U-Pb), which have given great momentum to speleothem science. It has been
suggested that, after the dominance of ice and deep-sea cores, the future in Quaternary paleoclimate
studies might belong to speleothem science [6].

Where equilibrium deposition can be demonstrated, speleothem δ18O depends solely on cave air
temperature and drip water δ18O [5,7]. Establishing cave hydroclimate monitoring is critical to assess
variability in these two parameters. Although it is not always the case [8], caves are usually considered
environments with stable microclimate parameters, with relative humidity (RH) close to 100%, and air
temperature equal to the surface mean annual air temperature (MAAT), without seasonal variations.
When such conditions are met in particular parts of the cave, underground environmental changes
respond to long-term climate changes and are recorded in the isotopic composition of slow-growing
speleothems. However, successful interpretation of speleothem records depends on comprehension
of the spatial and temporal variability of drip water hydrology and composition [9,10] as the water
undergoes complex processes on its way from the atmosphere, through the soil and epikarst and to the
cave, with final temperature-dependent fractionation and incorporation into the speleothem calcite
lattice [11,12].

Croatia’s central position between the western and eastern Mediterranean, at the interface of
continental European and maritime Mediterranean influences, together with its variety of landscapes,
makes this region interesting in terms of paleoclimate and paleoenvironmental studies based on
different approaches and archives, such as: loess sequences, [13–16] lake sediments, [17–20], marine
and transitional deposits, [21–23], algal rims [24] and speleothems (see an overview in [25] and
references therein). Speleothem-based studies require insight into atmospheric isotope patterns
from global to local scale, and variations in precipitation isotope composition in Croatia on a local
and regional scale have been discussed in Krajcar Bronić et al., [26–28], Horvatinčić et al., [29,30],
Barešić et al., [31] and Vreča et al., [32]. Regional isotopic signatures of groundwater from ca. 100 sites
in Croatia and their relationship to precipitation are discussed in Brkić et al., [33].

Here we discuss the outcomes of several cave drip water research campaigns. We examine the
response of each cave system to surface precipitation and the transmission of the isotopic signals that are
ultimately captured in the speleothems as environmental records. The study encompasses 17 sites with
elevations from 32 m to 1550 m above sea level (a.s.l.) and four different climate types (Cfa—temperate
with hot summer; Cfb—temperate with warm summer; Csa—temperate dry with hot summers; Df—cold
and wet continental, according to Köppen-Geiger climate classification [34]), covering most of the Croatian
karst regions. The studies can be divided into three groups according to their duration:

• Systematic sampling with at least one-year of continuous monitoring and monthly sampling of
rain and drip water was applied within three research projects that included Manita peć (MP),
Strašna peć (SP) and Špilja u Zubu Buljme (ZB) caves [35]; Upper Barać (GB), Lower Barać (DB)
and Lower Cerovačka (DC) caves [36]; and Nova Grgosova (NG), Lokvarka (LOK) and Modrič
(MOD) caves [37,38].

• Semi-continuous sampling was performed in a study of the Velebita Cave System (VEL), and the
Sirena (SIR) and Lukina jama (LUK) pits [39].

• Sporadic and one-off sampling occurred in Medvjed̄a špilja (MED), Špilja u Vrdolju (VRD),
Kraljičina Spilja (KRA), Strašna peć, Mala špilja (MML) and Velika špilja (VML) caves [40–42],
and Modrič Cave [43].
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We investigated the dominant factors controlling the transmission of the isotopic signal from
precipitation to cave drip water in different climate settings, and how this information can be interpreted
in speleothem-based climate reconstructions.

2. Study Area

A total of 43.7% of the Croatian territory is covered by karst [44]. The northern and eastern parts
of the country are characterized by several isolated karst patches, while practically the whole western
and southern parts belong to the Dinaric classical karst, extending parallel to the eastern Adriatic coast
(Figure 1). Due to the temperate location (between 42.2 and 46.2◦ N) with sufficient precipitation year
round (700–3000 mm), tectonically fractured carbonate bedrock has undergone extensive karstification,
resulting in the development of a large range of surface and underground karst features, including
karst hydrogeology. According to a karst landscape definition based on altitude range and climate
(aridity index and mean annual days with snow cover), three (out of four) karst landscapes intertwine
in this small region of Croatia: humid hills and plains, Mediterranean medium range mountains and
high range mountains (see Figure 4 in [45]).

 

Figure 1. Study area with cave locations: NG—Nova Grgosova, LOK—Lokvarka, GB—Upper Barać,
DB—Lower Barać, SIR—Sirena, LUK—Lukina jama, VEL—Velebita, MED—Medvjed̄a špilja, ZB—Špilja
u Zubu Buljme, MP—Manita peć, DC—Lower Cerovačka, MOD—Modrič, KRA—Kraljičina spilja,
SP—Strašna peć, VRD—Špilja u Vrdolju, VML—Velika špilja, MML—Mala špilja. Yellow squares denote
meteorological station: S—Samobor 141 m a.s.l.), D—Delnice (681 m a.s.l.), Z—Zavižan (1594 m a.s.l.),
G—Gračac (567 m a.s.l.), VS—Vela Sestrica (35 m a.s.l.).

Unofficially, over 10,000 caves are already known in Croatia [46], but this figure is in reality much
higher as caves have been discovered in all carbonate geological units, from Upper Palaeozoic to the
Neogene. The studied caves (Table 1) can be divided into several groups according to their geographical
position and associated climate conditions (Figure 2), which do not necessary imply similar environmental
settings of relatively adjacent caves. Most similar are the shallow and low-altitude caves located on the
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islands and along the coast (MOD, SP, MED, VRD, KRA, MML, VML), then high-mountain caves (ZB, VEL,
SIR, LUK) and mid-altitude continental caves which have site-specific climatic settings, regardless of their
relative vicinity (NG, LOK, DB, GB, DC). MP cave is, according to its latitude and altitude (570 m a.s.l.),
expected to be the most similar to DC cave, but its location on the south-western slopes of the Velebit Mt.
makes it more similar to the coastal sites.

 

Figure 2. Altitudinal and latitudinal distribution of studied caves clustered according to general climate
similarity—coastal and island caves (red), continental mid-altitude caves (green) and high-mountain
caves (blue). Closed circles denote caves with systematic monitoring/sampling, while open circles
represent caves with sporadic sampling.

Climate and weather patterns over the study area are governed by the seasonal presence of the
various pressure systems and air masses. During the summer, the influence of the Azores High prevails
in the coastal region and causes dry weather along most of the Croatian coast, while continental Croatia
is more susceptible to intrusions of cooler and moist air masses from the Atlantic. During winter,
the continental part is often under the influence of Siberian High, which produces cold and dry weather;
the coast is under the influence of low pressure systems originating either from the Atlantic Ocean,
the Mediterranean or the Adriatic Sea.

Although the study sites are located relatively close to each other, they exhibit quite different climate
properties, particularly seasonal precipitation distribution. Most of the locations have precipitation
maxima in autumn (October and November) due to the frequent passage of frontal systems within
atmospheric lows, with the exception of low-altitude sites in continental Croatia, i.e., NG cave (represented
by data from the Samobor meteorological station, Figure 3), which has maximum precipitation in the late
summer caused by the combined effect of convective and frontal rain. Sites located in the continental
regions, but at higher altitudes (LOK cave represented by the Delnice station), exhibit orographic effects,
which cause a surge in the precipitation amount (annual precipitation in Delnice is 2218 mm compared
to 1073 mm in Samobor). A similar effect is present in the high-altitude sites (ZB, VEL, SIR, LUK caves,
represented by the data from Zavižan station), but with slightly lower precipitation due to the lower air
temperatures (MAAT of 5.0 ◦C Zavižan, and 8.4 ◦C in Delnice). On the other hand, sites on the leeside of
the mountains (DB, GB, DC caves) tend to have somewhat decreased precipitation probably due to their
locations in the rain shadow. Coastal and island sites SP, KRA, VRD, VML and MML (represented by
Vela Sestrica station) have a typical Mediterranean precipitation distribution with pronounced summer
droughts (Csa) and low overall precipitation amounts (666 mm), while MOD, MED and MP caves receive
more precipitation than other coastal sites and summer droughts are less pronounced (Cfa). MP cave is
also unusual on account of the relatively large difference between its surface MAAT (13.7 ◦C in 2014–2015
and 14.8 ◦C in 2018–2020) and a cave MAAT of 9.0 ◦C (1σ = 0.4) in 2012–2014. This is a consequence of
cave morphology, i.e., descending chambers acting as a ‘cold trap’ [35]. Thus, it can be regarded as a
transitional cave with climatic properties of both coastal and continental sites, as it has average summer
temperatures higher than the continental sites, but also more precipitation than other coastal sites.
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Figure 3. Climate data (left: air temperature and precipitation; right: difference between precipitation
and potential evapotranspiration) for five characteristic regions: (a) Samobor station representing
continental NG cave; (b) Delnice station representing continental settings with orographic effect on
LOK cave; (c) Zavižan station for high-altitude conditions with a strong orographic effect (ZB, VEL,
SIR, LUK); (d) Gračac station as representative for continental sites with a rain-shadow effect (DB,
GB, DC caves); and (e) Vela Sestrica station representing conditions of low-altitude caves located on
the islands and along the coast (MOD, SP, MED, VRD, KRA, MML, VML). Data obtained from the
Croatian Meteorological and Hydrological Service [52]. Locations of the meteorological stations are
given in Figure 1. Water balance (potential evapotranspiration) is calculated using the Thornthwaite
evapotranspiration model [53,54].
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3. Monitoring and Sampling Methodology

An overview of monitoring duration and number of samples is given in Table 1. Monitoring and
sampling practice for the systematic long-term studies (NG, LOK, MOD, ZB, MP, SP, DB, GB, DC caves)
was the same at all sites, and included recording meteorological parameters (air temperature and
relative humidity) outside and inside the caves and measuring the isotopic composition (δ2H and δ18O)
of rain and cave drip water [25,35,36]. Additionally, analyses of drip water elemental composition
were performed at DB and GB sites [36] and in MOD cave (2012–2013, unpublished), while in NG,
LOK, MOD, ZB, MP and SP caves drip intensity was recorded [25,35].

Microclimate data were measured at one-hour resolution by HOBO U23 Pro v2 Temperature/Relative
Humidity Data Loggers. Loggers were mounted at 1.5–2.0 m above the cave floor and 2–3 cm off the wall
to avoid recording the thermal signal of the bedrock, which is delayed, usually dampened [55] and could
be misleading.

Monthly-integrated rainwater samples have been collected above ZB, MP, SP [35] NG, LOK and
MOD caves [25] in plastic containers with funnel protected by PVC net to prevent clogging and a
layer of paraffin oil to hamper the evaporation of collected rainwater, as this significantly effects
water isotopic composition. During the study of MOD cave by Rudzka et al., [37], a Pluvimate®

rain-gauge was used in order to collect rainwater and record its intensity. At the GB/DB and DC sites
composite monthly samples of precipitation were collected by simple anti-evaporation system without
an oil film, while at VEL, SIR and LUK sites the system of Gröning et al. [56] was employed [39].
Daily precipitation amount data were obtained from adjacent meteorological stations operated by the
Croatian Meteorological and Hydrological Service (CMHS).

Monthly-integrated drip water samples were collected under the drip sites that had been feeding
stalagmites predetermined for paleoclimate studies in NG, LOK, MOD, ZB, MP, SP, DB, GB, DC,
as well as from several other drip points. In-cave water containers did not include protective paraffin
oil since the cave air RH was 100%, as anticipated, so no evaporation was expected. It has also
been empirically proven that equilibration of the collected water with the moisture of the cave
atmosphere takes approximately three months [57], i.e., collected drip water samples would not have
been compromised within one month. Regardless of the negative water balance during the summer
season (especially pronounced in coastal region, e.g., Vela Sestrica station in Figure 3), it must be
emphasized that practically all our drip sites had continuous discharge all year round. Research in
the high-mountain Velebita Cave System (VEL), which is a 1026 m deep vertical cave, focused on
the isotopic composition variability along a vertical profile and its comparison with two other pits
(LUK and SIR), with local precipitation and with some remote spring waters. Thus, along the VEL
profile, 1 to 6 samples were collected daily during five days of caving, while in LUK and SIR only
one sample of water in each cave was collected [39]. In island caves (SP, MED, VRD, KRA, MML,
VML) the single samples were also collected per drip site, with drip water accumulating from 2 to
102 days [40,41]. All drip water samples were taken from the exact sites from where speleothems have
been collected for paleoenvironmental reconstruction.

Modern calcite was collected on pre-cleaned glass plates (10 × 10 cm) in MP caves, on plastic
funnels and glass plates in SP cave [35] and on a nylon sheet in MOD cave [43]. Farming of modern
calcite in DB and GB caves was performed by placing light bulbs under active drip sites, imitating the
rounded stalagmite surface [36]. We avoided sampling of the youngest parts of the active stalagmites
since with the artificial material we were sure about the period of deposition. Analytical methods
related to stable isotope measurements used in Rudzka et al., [37], Lončar [40], Surić et al., [25,35],
Czuppon et al., [36] and Paar et al. [39] are given in detail in Appendix A.

Valuable information on aquifer architecture can be obtained from the relationship between
precipitation and cave discharge [58], so NG, LOK, MOD, ZB, MP and SP caves were also equipped
with automated acoustic Stalagmate® drip counters [59] to record discharge dynamics.
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4. Results and Discussion

A statistical summary of the δ18O and δ2H data from the majority of analyzed water samples
is given in Tables 2 and 3. Systematic monitoring and sampling of precipitation revealed nine local
meteoric water lines (LMWL) (linear regression between precipitation δ18O-δ2H monthly values)
(Figure 4) along which corresponding cave drip water δ18O-δ2H values are distributed according to
different site-specific environmentally dependent patterns. The relationship between the isotopic
composition of precipitation and cave drip water is presented in Figures 5–7, and spatiotemporal
patterns of precipitation isotopic signal transmitted to the cave drip water are discussed in the
following sections.

Table 2. Minimum, maximum and amplitude of precipitation and drip water δ18O and δ2H from NG,
LOK, MP, GB, DB, ZB, MP, DC, MOD and SP caves for the periods given in Table 1. Sites are arranged
by latitude. All the values are given in ‰ with respect to Vienna Standard Mean Ocean Water VSMOW.

Precipitation Drip Water

Cave
Maximum Minimum Amplitude

Drip Site
Maximum Minimum Amplitude

δ18O δ2H δ18O δ2H δ18O δ2H δ18O δ2H δ18O δ2H δ18O δ2H

NG −4.6 −24.6 −13.5 −93.5 8.9 68.9
NG-1W −9.5 −63.1 −10.1 −65.8 0.6 2.7
NG-2W −9.6 −63.3 −10.0 −65.6 0.4 2.3
NG-3W −9.6 −63.1 −9.9 −64.1 0.3 1.0

LOK −5.3 −29.0 −13.9 −96.8 8.6 67.8
LOK-1W −7.9 −45.9 −9.7 −58.5 1.3 12.6
LOK-2W −8.5 −50.2 −8.8 −52.1 0.3 1.9

GB/DB −5.4 −34.6 −12.9 −86.8 7.5 52.2

GB-1 −9.5 −64.0 −11.0 −74.2 1.5 10.2
GB-2 −10.2 −70.7 −11.8 −82.0 1.6 11.3

DB-1 −10.0 −70.7 −11.1 −77.1 1.1 6.4
DB-2 −10.0 −71.5 −10.8 −74.2 0.8 2.7

ZB −5.9 −30.9 −13.4 −93.2 7.5 62.3 ZBW −7.4 −41.2 −8.2 −48.4 0.8 7.2

MP −3.4 −16.3 −9.4 −58.9 6.0 42.6
MP-1W −6.3 −36.1 −7.9 −48.4 1.6 12.3
MP-2W −6.6 −36.3 −7.5 −43.1 0.9 6.8
MP-3W −6.4 −33.3 −7.7 −47.9 1.3 14.6

DC −5.3 −32.3 −10.7 −73.9 5.4 41.6 DC-2 −7.5 −46.0 −8.4 −51.8 0.9 5.8

MOD
−3.2 −17.0 −8.6 −57.1 5.4 40.1

MOD-21W −5.7 −33.6 −6.8 −41.7 1.1 8.1
MOD-22W −3.9 −17.0 −6.0 −35.3 2.1 18.3

−1.2 −11.1 −9.8 −60.9 8.6 49.8
MOD-31W −5.6 −34.1 −6.3 −38.6 0.7 4.5
MOD-32W −5.9 −35.7 −6.4 −38.8 0.5 3.1

SP −3.8 −23.2 −8.3 −50.6 4.5 27.4
SP1W −6.0 −32.3 −6.8 −35.8 0.8 3.5
SPNW −6.2 −33.2 −6.7 −38.8 0.5 5.6

4.1. Moisture Sources Affecting Isotopic Composition

The aim of many speleothem-based studies is to assess past dynamics of atmospheric water vapor
masses e.g., [60–63], as their shifts have governed associated precipitation, temperature and vegetation
distribution. Of special interest are bordering regions such as the one between continental European
and Mediterranean influences, and in that sense the Croatian region could play an important role,
since this spatially small area rich in geographical and climatic variety is presently characterized by
complex patterns of precipitation isotopes [26,27,32,35]. Figure 4 shows regression lines of nine sets
of precipitation data. Since some of the lines are based on one year of data, the R2 is given to depict
statistically significant correlations. The most obvious characteristic of this set of LMWLs is their
departure from the Eastern Mediterranean meteoric water line (EMMWL: δ2H = 8 × δ18O + 22 [64])
which represents environments characterized by substantial evaporation under conditions of a large
humidity deficit [65]. This is apparently not the case in our studied region. The LMWLs are generally
clustered along the Global meteoric water line (GMWL: δ2H = 8 × δ18O + 10 [66]) and the western
Mediterranean meteoric water line (WMMWL: δ2H = 8× δ18O + 13.7 [67]), which marks the transitional
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zone with mixing influences of warm eastern Mediterranean and cool North Atlantic air masses [67].
Another characteristic of these water lines are the slopes, which are systematically lower (from 6.6
to 7.8) than that of the GMWL, with a distinct difference between northern continental stations
(closer to the GMWL slope), and maritime sites with lower values. The reason for this is secondary
evaporation which occurs as rain falls through a dry air column above the ground and leads to kinetic
fractionation [68]. This is a typical situation during the coastal dry and hot summers (Figure 3e), while
the uniform annual distribution of the precipitation partially suppresses that effect in continental sites
(Figure 3a,b). However, it is obvious that all caves receive mixed precipitation from the Atlantic and
Mediterranean regions, but with different seasonal patterns.

Figure 4. Local meteoric water lines (LMWL) of nine studied locations (NG, LOK, GB/DB, NV, ZB, MP,
DC, MOD, SP) plotted alongside global (GMWL: δ2H = 8 × δ18O + 10 [66]), eastern Mediterranean
(EMMWL: δ2H = 8 × δ18O + 22 [64]), and western Mediterranean meteoric water line (WMMWL:
δ2H = 8 × δ18O + 13.7 [67]) – dashed lines. NV relates to ‘North Velebit’, as the rainwater was collected
at three locations in VEL, SIR and LUK caves’ vicinity. For clarity, single-sample data points are
removed, but they are visible in Figures 5–7 for each particular LMWL. Equations are sorted by the
latitude of the site.

4.2. Precipitation-Discharge Relationship and Drip Water Homogenization

When reconstructing multi-annual environmental changes using slow-growing stalagmites, one of
the first issues to consider when interpreting particular drip water isotopic signals is the homogenization
of the meteoric water during its transition through the epikarst towards the drip site, to ensure that
the recorded speleothem δ18O signal is not seasonally biased. Homogenization of the drip water,
i.e., removal of the seasonal signal of precipitation, had been initially taken as a rule [69], but it has
since been realized that it must be considered as a site-specific process which is not always achieved,
sometimes not even within the same cave [9,25,70–72]. As presented in Table 2, seasonal variations of
rainwater δ18O (amplitudes from 4.5‰ to 8.9‰) and δ2H (amplitudes from 27.4‰ to 68.9‰) show
some geographical/climate related distribution, being smaller in southern and coastal regions, while
the northern and continental sites receive precipitation with a wider isotopic range. On the other hand,
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the smaller amplitude of drip water δ18O (from 0.3‰ to 2.1‰) and δ2H (from 1.0‰ to 18.3‰) shows
significant attenuation of the seasonal rainwater signal, regardless of geographical position.

Groundwater homogenization strongly depends on karst aquifer architecture, which also plays
an important role in controlling drip discharge dynamics [73]. Infiltration-discharge relationships
were observed in six caves and drip intensities recorded in caves with multiple drip-loggers (NG,
LOK, MP, MOD, SP), confirming heterogeneity of the karst aquifers and their typical triple porosity
nature with: (i) slow diffuse matrix flow, (ii) fracture and fissure flow and iii) fast preferential flow
through solution-enhanced conduits [74,75]. Discharge with significant variability and coherency
with surface rain events can tentatively point to the lower degree of homogenization, i.e., partially
preserved seasonal signal, so drip water δ18O-δ2H pairs plotted in δ18O-δ2H space appear scattered
along the precipitation regression line. For example, according to concurrent daily rainfall totals and
drip-logger records, MP-1 and MP-3 (Figure 5) demonstrated fast responses to surface rain events
through epikarst fissures [25]. Similarly, MOD-22 also showed some seasonal variability (Figure 5),
but is strongly out of phase with rainfall values, with the highest values during the winter. Apparently,
this is a consequence of ‘piston-flow’ when newly recharged rainwater pushes through previously
stored and partly mixed water [37]. On the other hand, densely clustered drip water values like
those of MOD-31 and MOD-32 (Figure 5) coincide with very stable discharge regimes, practically
unresponsive both to droughts and massive rain events [25]. Still, the peculiarity of karst systems is
evident in LOK and NG caves. Drip sites LOK-1 and LOK-2 show evidence of typical fracture-flow or
‘seasonal drip’ regimes according to the classification by Smart and Friederich [76] and Baker et al., [58],
with practically identical drip records [25]. However, LOK-1 preserves an attenuated seasonal signal
which is completely dampened in LOK-2 (Figure 6). The opposite situation is observed in NG cave;
drip water isotopic compositions of NG-2 and NG-3 are almost the same with minimal amplitudes
(Figure 6) in spite of substantially different hydrological behaviour. NG-3, with typical matrix porosity,
sustains stable discharge throughout the year, while NG-2 probably has a more complex route that
includes ‘overflow’ storage reservoirs [3] expressed as fast response to major rain events and subsequent
long-term decrease in discharge [25].

Table 3. Amount-weighted annual mean of precipitation and drip water δ18O, δ2H and d-excess.
For the drip sites not equipped with drip loggers, only average (±1σ) values are given. Sites are
arranged by latitude. All the values are given in ‰ with respect to VSMOW.

Cave δ18Oprec δ2Hprec δ18Odrip δ2Hdrip Δδ18Oprec-drip Δδ2Hprec-drip
d-excess-

Prec.
d-excess-

Drip

NG −9.1 −57.1
−9.8 −64.3 0.7 7.2

15.6
14.3

−9.8 −63.5 0.7 6.4 14.9

LOK −8.8 −51.8
−8.9 −52.8 0.1 1.0

18.6
18.5

−8.6 −50.9 −0.2 −0.9 18.0

GB-DB −9.5 −64.9

−10.7 ± 0.3 −73.7 ± 2.1 1.2 ± 0.3 8.8 ± 2.1

11.0 12.0
−10.6 ± 0.2 −72.7 ± 0.7 1.1 ± 0.2 7.8 ± 0.7
−10.3 ± 0.5 −70.2 ± 3.0 0.8 ± 0.5 5.3 ± 3.0
−10.7 ± 0.5 −73.7 ± 3.5 1.2 ± 0.5 8.8 ± 3.5

VEL-S 1 −9.5 −61.9 −9.6 ± 0.13 −61.9 ± 0.7 3 0.1 ± 0.1 0.0 ± 0.7 13.7
15.0 ± 0.5

VEL-O 2 −9.4 −60.9 0.2 ± 0.1 1.0 ± 0.7 13.1

ZB −9.9 −62.2 −7.8 ± 0.3 −44.6 ± 2.5 −1.2 ± 0.3 −17.6 ± 2.5 16.6 16.3 ± 0.6

MP −7.5 −44.3 −7.3 −42.0 −0.2 −2.3 15.5 16.2

DC −8.6–−7.5 4 −56.5–−48.1 4 −8.0 ± 0.3 −49.0 ± 1.7 −0.6–0.5 −7.5–0.9 12.0–13.0 15.0

MOD −5.5 −33.3
−6.0 −36.5 0.5 3.2

10.3
11.3

−6.1 −37.2 0.6 3.9 11.8

SP −6.7 −38.3 −6.5 −34.4 −0.2 −3.9 15.2 17.3
1 precipitation collected at location Siča; 2 precipitation collected at location Oltari; 3 cave water was collected only
during five days of caving in August 2012; 4 different values depending on the considered period.
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4.3. Isotopic Composition of Drip Water

The relationship between rain and drip water δ2H-δ18O pairs of coastal and insular sites is
shown in Figure 5. MOD, MP and SP caves are presented by at least one-year series of rain and drip
water monthly—integrated samples and associated LMWLs, while MED, VRD, KRA, VML and MML
are represented by data from one–two drip water samples. Just the latter are plotted, and further
analyses of these sites are unfeasible without extended monitoring. When compared to continental
sites, the series from MP, SP and 2008–2010 MOD rainwater data have a relatively narrow range
(Table 2) due to the moderate maritime effect on temperature [68], with the exception of the longest
MOD data set (2014–2018) which encompasses several extreme meteorological events with the most
anomalous values. The similarity of LMWL slopes points to the same water vapor sources and
infiltration conditions, but the aquifer architecture subsequently assumes the lead role. In the case of
MOD cave, we can distinguish three different drip regimes and corresponding isotopic compositions
(Table 2); MOD-21W and MOD-22W had lower and higher variability, respectively, while MOD-31W
and MOD-32W are characterized by strong drip water homogenization [25]. Therefore, we took these
sites as representative since that is the preferable hydrologic behavior for the best climate record in
speleothems. The amount-weighted annual mean of precipitation δ18O is 0.5–0.6‰ higher than the
amount-weighted annual mean of drip water δ18O (Table 3), meaning that effective infiltration and
accumulation within aquifer occurs during the winter period. As for MP and SP caves, they both
had amount-weighted annual means of precipitation δ18O 0.2‰ lower in comparison to that of drip
water (Table 3). These caves are very geographically different, insular SP at 70 m a.s.l. and mountain
MP at 570 m a.s.l., but they have similar morphologies, i.e., descending chambers which maintain
significantly lower temperatures. In SP cave, the MAAT is 11.1 ◦C, while surface MAAT is 16.4 ◦C,
and in the case of MP, cave MAAT is 9.0 ◦C and surface MAAT is 13.7 ◦C [35]. This difference of
5.0 ± 0.3 ◦C complicates the classification of these caves in terms of climatic controls on the isotopic
composition of drip water as discussed in Baker et al. [77].

Figure 5. δ2H-δ18O relationship of monthly integrated drip water (crosses) and rainwater samples
(dots) with associated local meteoric waterlines in SP, MP and MOD caves, and of single drip water
samples from low-altitude coastal caves MED, VRD, KRA, VML and MML (diamonds).
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The relationship between precipitation and drip water isotopic composition of continental sites NG,
LOK, GB, DB and DC is given in Figure 6. δ2H and δ18O have wide ranges due to the strong seasonal
temperature variations [68], among which DC’s smallest amplitude (Table 2) reflects its southernmost
position (Figure 1). Drip water isotopic values of NG, GB and DB sites suggest larger contributions
of winter precipitation, with a difference between amount-weighted annual mean precipitation and
average drip water δ18O of 0.7‰ in NG cave, 0.8–1.2‰ in GB and 1.1–1.2‰ in DB cave (Table 3),
at least for the monitoring period [36]. Caves with lower temperatures (LOK and DC) showed a
different pattern; their drip water mean δ18O values were distributed around the amount-weighted
annual mean of precipitation δ18O (Table 3), with indistinguishable preferential recharge period.

Figure 6. δ2H-δ18O relationship of monthly integrated drip water (crosses) and rainwater samples
(dots) with associated local meteoric waterlines in mid-altitude continental caves NG, LOK, DB, GB, DC.

The hydrology of the high-mountain caves is represented by two LMWLs (Figure 7). North Velebit
caves (VEL, LUK, SIR) located at 1450–1550 m a.s.l. are in fact vertical shafts; LUK and SIR caves are
characterized by perennial snow and ice accumulation in the upper portions [49–51,78], while VEL
cave is ice-free due to its morphology, i.e., horizontal entrances [49]. According to the drip water
samples from VEL cave, these aquifers are predominantly fed by September–May precipitation [39].
Average annual duration of snow cover (≥ 1 cm) in that region is 165 days (Zavižan station 1981–2010,
CMHS, 2020) and most of the recharge is meltwater, hence the grouping of drip water δ2H-δ18O data
along the lowermost part of the NV MWL (Figure 7). The difference between the amount-weighted
annual mean precipitation and average drip water δ18O is 0.1–0.2‰ (Table 3, Figure 8), although
Figure 7 would suggest a larger difference.

ZB cave is at a lower altitude (1250 m a.s.l.) and is not an ice cave; snow cover lasts considerably
shorter than in the North Velebit sites. Its LMWL clearly shows partly evaporative conditions at the
water-vapor source and minimal secondary evaporation during precipitation (Figure 7), consistent
with its geographic location. Drip water was relatively uniformly discharged and homogenized [35].
However, the isotopic composition demonstrates significant departure towards the summer values
(Figure 7), so the amount-weighted annual mean of precipitation δ18O was 1.2 ± 0.3‰ lower than the
annual mean of drip water δ18O.
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Figure 7. δ2H-δ18O relationship of monthly integrated drip water (crosses) and rainwater samples
(dots) with associated local meteoric water lines in high-altitude mountain—caves ZB, VEL, SIR, LUK.
NV relates to ‘North Velebit’, as the rainwater was collected at three locations in VEL, SIR and LUK
caves vicinity.

Recently, Baker et al., [77] conducted a global analysis of rain and drip water data from 39 caves
on five continents and demonstrated that the extent to which drip water δ18O is representative of
amount-weighted precipitation δ18O is related to MAAT and annual precipitation, which determines
the extent to which the isotopic signal is additionally altered by soil and karst processes. It was
concluded that caves with a MAAT <10 ◦C show minimal differences between drip water δ18O and
amount-weighted precipitation δ18O; Croatian ‘cold’ caves LUK, VEL, SIR, DC and LOK generally fit
into that classification (Figure 9), i.e., their Δδ18Oprec-drip vary around 0‰. The peculiar exception is
ZB cave with a large drip water δ18O departure towards summer values (Δδ18Oprec-drip = −1.2 ± 0.3‰)
(Figure 8). Given the relatively uniform discharge (checked by manual drip counting during each
visit [35]) and homogenized drip water (attenuation of rainfall δ18O amplitude of 7.5‰ to the drip
water δ18O range 0.8‰, Table 3) it is apparent that the isotopic signal of any individual recharge events
is buffered, giving the credible drip water average. Such a significant δ18O increase may be ascribed
to evaporative fractionation, which is quite unrealistic in a high-mountain region with a MAAT of
4.0 ◦C, but on the other hand the constant in-cave atmospheric conditions in ZB has been occasionally
disturbed and RH has decreased during dry bora wind episodes [35].

Other studied Croatian regions would fit into the class with MAAT between 10 ◦C and 16 ◦C
(we included here also MOD region with MAAT 16.6 ◦C, as a marginal case) in which the drip water
δ18O may be affected by evaporative fractionation of the water in the soil and epikarst or by selective
recharge, resulting in |Δδ18Oprec-drip| > 0.3‰ [77]. Such values are recorded in MOD, NG, DB and GB
caves, but not in the two littoral caves, MP and SP, which are characterized with |Δδ18Oprec-drip| < 0.3‰,
as if they were ‘cold’ caves. In particular, the amount-weighted annual means of precipitation δ18O are
lower by 0.2‰ in comparison to that of drip waters which is a consequence of the combined influence:
of (i) evaporative fractionation due to relatively high MAAT and especially summer temperatures;
(ii) selective recharge during the autumn and winter seasons; and (iii) the decrease of cave MAAT in
relation to surface MAAT by 5.0 ± 0.3 ◦C.

Apart from the occasionally necessary drip-specific interpretation, and morphologically driven
exceptions, it must be considered that during glacial periods, today’s ‘warm’ caves assumed cold-cave
characteristics. Thus, within a single speleothem which covers one or more glacial-interglacial shifts,
different climate control on Δδ18Oprec-drip would be experienced [77].
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Figure 8. Amount-weighted annual mean of precipitation (circles) and drip water δ18O and δ2H
(crosses) in relation to the global (GMWL: δ2H = 8 × δ18O + 10 [66]), eastern Mediterranean
(EMMWL: δ2H = 8 × δ18O + 22 [64]), and western Mediterranean meteoric water line (WMMWL:
δ2H = 8 × δ18O + 13.7 [67]). The LUK-VEL-SRI values represent precipitation collected at two
neighboring sites (Siča and Oltari [39]) during 2012–2013 for 17 months, but with several gaps,
so only tentative values are given (calculated as averages of several different intervals). For the
unlogged drip sites (ZB, GB, DB, DC), we used annual averages instead of amount-weighted δ18O
and δ2H values. Sites are arranged by latitude in the legend box.

Figure 9. Relationship between Δδ18Oprec-drip and mean annual air temperature (MAAT). Vertical lines
show the 0.3‰ criterion for determining the significant difference between amount-weighted annual
means of precipitation δ18O and drip water δ18O [77].
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4.4. Preservation of Altitude and Latitude Effects in Drip Water

Due to the upward deflection by the mountain barrier, air masses decompress and cool adiabatically,
so the rainout is enhanced [79], and due to the temperature decrease with elevation, the ‘altitude effect’
is characterized by a decrease in δ18O values. When considering precipitation, an average gradient
(Δδ18O/100 m) of −0.2‰ is estimated globally [80], but since topography strongly influences isotopic
composition, especially if the relief is high [79], local gradients are even higher. When comparing
precipitation and drip water isotopic composition, infiltration elevation must be taken into account
since the altitude of the catchment area can be substantially higher than the elevation of the drip
water collection site, delivering more depleted water. Our observed profile extends from MOD cave at
32 m a.s.l. via MP cave (570 m a.s.l.) to ZB at 1250 m a.s.l. across a horizontal distance of 13.6 km,
and according to the amount-weighted mean annual precipitation δ18O (−5.5‰, −7.5‰ and −9.9‰,
respectively), the local Δδ18O/100 m gradient is −0.36‰ (Figure 10). As for the infiltration elevation of
these three caves, their recharge areas are limited by relatively thin overburden and positions near
the summits, so drip water does not carry a depleted isotopic signal from much higher elevations.
The observed drip water Δδ18O/100 m gradient is −0.15‰ (Figure 10), comparable to steep north
Italian Alps where two transects had gradient of −0.15‰ and −0.08‰ [81]. It is also similar to a steep
coastal area on Vancouver Island where the drip water gradient was −0.16‰ [72] and the western
flank of Mount-Lebanon where it was −0.2‰ [82]. However, MP and ZB sites, as mentioned above,
may not be the best representatives for general conclusions on the altitudinal effect on drip water due
to their specific settings, but it is indicative that the drip water gradient is attenuated according to
precipitation gradient.

Figure 10. Comparison of altitudinal gradient in precipitation and drip water on steep Mt Velebit
seaward slope based on MOD (32 m a.s.l.), MP (570 m a.s.l.) and ZB (1250 m a.s.l.) site values δ18O.

The latitude effect on precipitation δ18O in mid-latitude regions is about −0.5‰ δ18O per degree
of latitude [77]. In the studied Croatian sites, the gradient is apparent (Figure 8), but the absolute value
is undetectable as it is partly overprinted by the altitude effect. The same situation is evident in the
drip waters.

4.5. Isotope Fractionation during Carbonate Formation

Based on the previous sections, it is evident that the drip water and its stable isotope composition
have great significance in preserving and inheriting climatic information that can be transferred
to the speleothem. However, this preservation strongly depends on the fraction which took place
during the carbonate formation. Therefore, it is essential to establish the equation which describes
the isotope fraction during the speleothem formation (i.e., carbonate precipitation) at each cave site.
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The stable isotope composition of modern calcite and concomitant drip water together with the cave air
temperature can be utilized to select the equations which best express isotope fractionation. Among the
caves reviewed in this study, modern carbonate precipitates were collected at MOD, MP, DB, GB and
SP and the related data are summarized in Table 4.

Table 4. Oxygen isotope composition of modern calcite and concomitant drip water and measured
(Tm) and calculated (Tc) cave air temperature. Tc values closer to the Tm are emboldened. Note that for
calculations, the δ18Ocalcite value was converted from VPDB (Vienna Pee Dee Belemnite) to VSMOW
using the expression δ18OVSMOW = 1.03091 × δ18OVPDB + 30.91 [83]. Temperatures are calculated
according to Tremaine et al., [84] and Daëron et al., [85]. The uncertainties of the δ18O analyses (both
for calcite and water) is generally 0.1‰ (see Appendix A).

Cave Sample ID
δ18Ocalcite

(‰ VPDB)
δ18Odrip water

(‰ VSMOW) Tm (◦C)
Tc (◦C)

Tremaine et al.
(2011)

Tc (◦C)
Daëron et al.

(2019)

MOD
MOD 8 −5.5 −5.8 15.6 17.7 19.4
MOD 9 −5.3 −5.8 15.6 16.5 18.3

MP

MPC3 −5.4 −7.2 9.2 9.8 12.1
MPC4 −5.5 −7.2 9.2 10.4 12.6
MPC5 −5.4 −7.2 9.2 10.1 12.3
MPC6 −5.2 −7.2 9.2 9.1 11.5

SP

SPC2 −4.3 −6.6 11.1 7.5 9.9
SPC3 −4.4 −6.6 11.1 8.2 10.5

SP1WC −5.0 −6.6 10.3 11.0 13.2
SP1WC −4.7 −6.8 10.6 8.3 10.7
SPNC −4.8 −6.5 10.3 10.6 12.8

DB
DB1 −8.1 −10.7 9.9 6.2 8.7
DB2 −8.9 −10.6 11.1 10.5 12.7

GB
GB1 −8.7 −10.3 9.7 10.9 13.1
GB2 −8.4 −10.7 10.9 7.6 10.1

In Figure 11 the calculated values are plotted along with equations based on theoretical, experimental
and empirical investigations [11,84–87]. Most of the data are scattering along the equations line obtained
from empirical observation by Tremaine et al. [84] (1000lnα = 16.1 × 103/T − 24.6), and Daëron et al. [86]
(1000lnα = 17.57 × 103/T − 29.13); the latter is almost identical to the equation determined by Coplen
(2007). Therefore, utilizing these equations and the measured stable isotope composition, the temperature
can be calculated (Tc) and compared with those observed in the cave (Tm). There are also some data
(e.g., MOD) which plot between equations by Tremaine et al., [84] and Friedmann and O’Neil [86]
(1000lnα = 2.78 × 106/T2 − 2.89). Interestingly, even in the same cave system (e.g., DB/GB, SP) distinct
isotope fraction can take place, drawing attention to the importance of studying in-situ calcite precipitation
for all sites from where speleothems are taken for investigation in order to reconstruct past climate and
environmental changes [36].
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Figure 11. Calcite-water 1000·lnα values vs. 1/T (in K) measured for modern carbonates samples from
MP, DB, GB, MOD and SP caves and selected published curves [11,84–87]. Calcite/water fractionation
factor α = (1000 + δ18Ocalcite)/(1000 + δ18Owater).

5. Conclusions

We revisited the stable isotope composition of precipitation and drip water from 17 Croatian caves
with the intention of characterizing the main features essential for interpretation of speleothem isotope
records in local and regional paleoenvironmental studies. To summarize:

• Nine constructed local meteoric water lines generally show influence of both Atlantic and Western
Mediterranean vapor masses, and individually clearly depict particular regions with enhanced
secondary evaporation.

• Drip waters in mountain and continental caves with MAAT < 10 ◦C drip water δ18O mostly
resemble the amount-weighted annual mean δ18O of precipitation. These are the caves where the
soil and epikarst evaporation has decreased, and groundwater is well mixed with a dampening
of individual extreme events. Thus, in near-equilibrium calcite crystallization, speleothem δ18O
variations most faithfully reflect past meteoric precipitation and air temperature.

• In warmer caves, drip water δ18O is usually more negative than amount-weighted annual mean
precipitation δ18O due to the uneven seasonal recharge and near-surface evaporation. However,
when interpreting the interglacial-glacial transition it must be taken into consideration that
MAATs have decreased to those of today’s ‘cold’ caves and the isotopic signal probably directly
reflects recharge.

• The precipitation altitude effect on seaward steep coastal mountains is higher than globally
estimated, enhanced by sudden change from Mediterranean climate (Csa and Csb) to mountain
(Df) climate. In drip water, the altitudinal gradient is also present, but less expressed.

• The latitude effect in drip water is present, but often overprinted by the altitudinal effect.

Among all derived conclusions, this is the first and foremost guiding principle against which all
actions need to be conducted in forthcoming studies.

• This spatially small, but geographically very diverse area does not allow generalization; frequent
exceptions of anticipated settings require thorough monitoring of surface and cave meteorological
background since cave morphology (ascending/descending passages) may alter the cave
temperature from those equal to the surface MAAT. Systematic analyses of drip water geochemistry
may also reveal potentially different infiltration elevations, while monitoring of drip intensity
provides information on aquifer architecture responsible for the water homogenization. Preferably,
all of these steps should precede speleothem collection in order to avoid their oversampling.
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Appendix A

Stable isotope composition of rain and drip water from NG, LOK, ZB, MP, SP and MOD (2014–2018)
was carried out on ~2 mL subsamples of filtered sample water using a Picarro L2120 cavity ring-down
isotope analyzer at the School of Geography, The University of Melbourne. Sample isotopic ratios were
normalized to the international VSMOW scale using a four point calibration using two international
(GISP2, VSMOW) and two in-house standards (WOOLIES, LAKE) of known composition. The results
from the WOOLIES standards were used to determine the analytical uncertainty (1σ) which was ≤0.1‰
for δ18O and ≤0.3‰ for δ2H for MP, SP and ZB samples and 0.05‰ for δ18O and 0.13‰ for δ2H for
NG, LOK and MOD (2014–2018) samples. Samples were re-analyzed in cases where the uncertainty on
the three injections lay outside 0.1‰ for δ 18O and ≤0.3‰ for δ2H.

Oxygen and hydrogen isotope measurements on the MOD water samples in 2008–2010 were
carried out at SILLA (Stable Isotope & Luminescence Laboratory) at the University of Birmingham,
UK, while the MOD water samples in 2007–2008 campaign were analyzed by Thermo-Finnigan
DELTAplusXP isotope ratio mass spectrometer, fitted with a gas bench and an autosampler at SILab
Rijeka (Stable Isotope Laboratory at the Physics Department, School of Medicine, University of Rijeka).
Results were normalized using VSMOW-calibrated SILab in-house standards (DZW, RTW, MGS and
AAS reported in Mandić et al., [88]) and analytical reproducibility in dual inlet measurements were
better than 0.1‰ for δ 18O and 1‰ for δ2H. The same facilities were used for the water analyses on
SIR, LUK and VEL samples, with the same measurement precision [39].

Stable isotope analyses of the water samples from GB, DB and DC caves were performed at the
Institute for Geological and Geochemical Research (IGGR) in Budapest, Hungary, using a Liquid-Water
Isotope Analyser-24d manufactured by Los Gatos Research. The instrument uses off−axis integrated
cavity ring down spectroscopy to measure the absolute abundances of 2H1H16O, 1H1H18O and
1H1H16O via laser absorption. Measured isotopic ratios were normalized to the homemade laboratory
standards, which were calibrated to international standards (δ18O = −0.53‰; −10.41‰; −19.95‰;
δ2H = −9.0‰; −74.9‰; −147.7‰ for BWS1, BWS2, BWS3, respectively [89]. The precisions were better
than 0.15‰ and 1.0‰ for δ18O and δ2H, respectively.

Water samples from MED, KRA, VRD, VML and MML caves were measured at the Geological Survey
of Israel (GSI). Hydrogen isotope composition was measured by Thermo-Finnigan HighTemperature
Conversion Elemental Analyzer (TC/EA) attached to a Delta V Thermo-Finnigan mass spectrometer and
oxygen isotope composition was measured by Thermo-Finnigan GasBenchII attached to a Delta Plus
mass spectrometer. The precision of these measurements was ±0.1‰ for δ18O and ±1.5‰ for δ2H.

Modern calcite from MP and SP caves i.e., carbon and oxygen stable isotope composition was
analyzed using an Analytical Precision AP2003 continuous-flow isotope-ratio mass spectrometer
at the School of Geography, The University of Melbourne, using the procedure described in
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Drysdale et al., [90]. Sample results were normalized to the V−PDB scale using an in−house standard of
Carrara Marble (NEW1) previously calibrated against the international standards, NBS18 (δ13C= 5.01‰;
δ18O=−23.01‰) and NBS19 (δ13C= 1.95‰; δ18O=−2.20‰). Analytical uncertainty was better than
0.1‰ for δ18O and 0.05‰ for δ13C. DB and GB modern calcite samples were analyzed using an
automated GasBench II sample preparation device attached to a Thermo−Finnigan DELTAplusXP
mass spectrometer at the IGGR in Budapest, Hungary. Precision was better than 0.1‰ for both δ18O
and δ13C. The same spectrometer was used for MOD (2008) modern calcite samples at SILab Rijeka
and analytical reproducibility for both δ18O and δ13C was better than 0.1‰.
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35. Surić, M.; Lončarić, R.; Lončar, N.; Buzjak, N.; Bajo, P.; Drysdale, R.N. Isotopic Characterization of Cave
Environments at Varying Altitudes on the Eastern Adriatic Coast (Croatia)—Implications for Future
Speleothem-Based Studies. J. Hydrol. 2017, 545, 367–380. [CrossRef]
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Abstract: Partitioning evapotranspiration (ET) into its constituent fluxes (transpiration (T) and
evaporation (E)) is important for understanding water use efficiency in forests and other ecosystems.
Recent advancements in cavity ringdown spectrometers (CRDS) have made collecting high-resolution
water isotope data possible in remote locations, but this technology has rarely been utilized for
partitioning ET in forests and other natural systems. To understand how the CRDS can be integrated
with more traditional techniques, we combined stable isotope, eddy covariance, and sap flux
techniques to partition ET in an oak woodland using continuous water vapor CRDS measurements
and monthly soil and twig samples processed using isotope ratio mass spectrometry (IRMS).
Furthermore, we wanted to compare the efficacy of δ2H versus δ18O within the stable isotope method
for partitioning ET. We determined that average daytime vapor pressure deficit and soil moisture could
successfully predict the relative isotopic compositions of soil (δe) and xylem (δt) water, respectively.
Contrary to past studies, δ2H and δ18O performed similarly, indicating CRDS can increase the utility
of δ18O in stable isotope studies. However, we found a 41–49% overestimation of the contribution of
T to ET (fT) when utilizing the stable isotope technique compared to traditional techniques (reduced
to 4–12% when corrected for bias), suggesting there may be a systematic bias to the Craig-Gordon
Model in natural systems.

Keywords: water stable isotopes; ecohydrology; evapotranspiration; eddy covariance; forest
hydrology; National Ecological Observatory Network (NEON)

1. Introduction

Evapotranspiration (ET) is an important process in the terrestrial hydrological cycle that accounts
for evaporation (E) from the soil, open water, and canopy-intercepted water and transpired (T) water
from vegetation. ET constitutes a large percentage of the water cycle in most environments, and up
to 95% in arid environments, deeming it an important water flux at a variety of spatial scales [1,2].
An improved understanding of ET partitioning and the contribution of T to ET (fT) is necessary for
refined water resource management and quantification of vegetative responses to climate change
and alterations to the carbon cycle. For instance, complex dynamics exist between carbon fluxes and
precipitation at multiple scales, and the water-use efficiency of plants varies with ecosystem aridity
and vegetation cover [3,4]. Partitioning of ET is necessary because T is seen as a desirable aspect of the
water cycle that allows vegetation to grow, while water that is evaporated is generally seen as being
“lost” from the system.
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Stable isotope methods are a rapidly developing field for ET partitioning, which has a high
potential for advancement beyond longstanding methods, such as water balance [5] and direct ET
measures compared with direct measures of T [6–8]. In a recent review paper [9], 52 studies were
discussed that partitioned ET using at least two different techniques, including eddy covariance, sap
flow, and/or stable isotopes of either δ2H or δ18O obtained from periodic water samples that were
analyzed for isotopic composition using isotope ratio mass spectrometry (IRMS). Of these 52 studies,
30 were in field and row crops, 13 were in orchards or vineyards, and only nine studies were in
naturally vegetated areas, such as forests or shrublands. Of the nine studies discussed that took place
in natural areas [9], six studies used a combination of eddy covariance and sap flow to partition ET,
and one study used stable isotopes in combination with a model, but no study used the combination
of stable isotopes, eddy covariance, and sap flow altogether. Only one study to date has used this
particular combination [8], and this was in an olive (Olea europaea) orchard in Morocco. Furthermore,
within the stable isotope method, one study in winter wheat (Triticum aestivum) found that this method
could adequately partition ET using δ2H, but not for δ18O [10]. The reasons for discrepancies between
δ2H and δ18O have been explored [11] and are mainly due to the equilibrium enrichment factor (α*) of
δ2H being more sensitive to evaporative enrichment from liquid water to water vapor than that of
δ18O.

Some studies have found that eddy covariance (EC) measurements performed well when compared
to traditional methods for measuring ET, such as the catchment water balance and the Bowen ratio
energy balance, respectively [5,6], but T has also been reported to be underestimated by sap flow,
likely due to issues with scaling up T from ring-porous tree species (Quercus and Acer, for example)
and accurately capturing the EC tower footprint [12]. Nighttime transpiration has been noted as an
important factor in ET studies [13], and the traditional heat dissipation equation assumes that flows
reach zero every night [14,15]. In systems where vapor pressure deficit (VPD) remains high throughout
the night, and adequate soil moisture is present, nighttime flows can introduce a significant amount
of error in T estimation. Furthermore, some studies have reported diurnal and seasonal differences
between EC measurements and other techniques, such as stable isotopes [8], while others have found
the estimates to be similar [6].

The use of stable isotopes in ecohydrology research has made significant progress since the
inception of mass spectrometry in the 1960s and 1970s [16]. Initial experiments in ET partitioning-related
research specifically date back to the 1990s with Jean-Pierre Brunel being among the first to fully utilize
the technique [17–19]. These older experiments manually trapped atmospheric water vapor for 2–4 h
at a time, and this same method is still used for collecting water vapor in more recent studies as
well [8,10]. Early work from Brunel [18] that has been expanded upon adequately captures isotopic
composition at short temporal scales, but the need for higher resolution, more convenient approaches
for sampling water vapor isotopes is apparent for studies lasting longer than just a few days, or when
many measurements are needed continuously throughout a single day. These challenges brought about
the use of cavity ringdown spectrometers (CRDS) in the field for high temporal resolution capabilities.

There is good agreement between results from CRDS and IRMS studies [20]. Furthermore,
there have been relatively few studies that have used the stable isotope method specifically for
extended periods of time in natural ecosystems, as most studies published have been over a single
growing season [21]. To the best of our knowledge, our study is the first report of ET partitioning
comparisons using sap flux and eddy covariance, along with high-frequency water vapor isotopic
methods over multiple seasons at a natural oak woodland site.

In this study within an oak woodland in Texas, USA, our goal was to develop a novel methodology
to partition daily ET over an entire growing season using combined IRMS and CRDS approaches.
By comparison, sap flux measurements were used to estimate daily transpiration and eddy covariance,
and Penman–Monteith models were used to estimate ET. The main objectives were: To use the IRMS
stable isotope method with high-frequency water vapor isotopic measurements from CRDS to (1)
partition ET in an oak woodland site using stable isotope, sap-flux, and eddy covariance techniques on
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days where soil and twig sampling provided proxy values for the isotopic compositions of soil (δe) and
xylem (δt) water; (2) to create δe and δt predictive models for partitioning daily ET on non-sampling
days using a combination of monthly field samples, environmental, and micrometeorological data;
(3) to compare the efficacy of δ2H and δ18O in partitioning ET.

2. Materials and Methods

2.1. Site Description

The study site is located within management unit 75 of Lyndon B. Johnson (LBJ) National
Grasslands in Wise County, TX, just north of the city of Decatur, TX. It is a core terrestrial site
in the National Ecological Observatory Network’s (NEON) Southern Plains domain (D11). LBJ is
considered part of the Cross Timbers ecoregion of Texas, and wooded areas consist mostly of mixed
oaks (Quercus spp.), elms (Ulmus crassifolia and Ulmus alata), eastern red cedar (Juniperus virginiana),
and sugarberry (Celtis laevigata) with a mean canopy height of 3.96 m. The LBJ study site is situated at
approximately 250 m above sea level, and the EC tower is located precisely at 33.40123◦ N, −97.57◦ W.
Dominant tree species in the immediate vicinity of the eddy covariance tower are blackjack oak
(Quercus marilandica) and post oak (Quercus stellata).

Soils consist of Keeter very fine sandy loams (1–6 percent slopes) and Duffau-Weatherford Complex
(3–8 percent slopes) [22]. The mean annual temperature is 18 ◦C and peak temperatures usually occur
in August, while mean annual precipitation (MAP) is 840 mm·year−1 with a bimodal distribution
(rainy seasons in late spring and fall) [23]. Mean annual potential evapotranspiration (PET) and runoff
are 1785 mm·year−1 and 8 mm·year−1, respectively [24]. The site has undergone prescribed burning
for two consecutive years (2017 and 2018) during spring as a strategy to control the thick understory of
greenbrier (Smilax rotundifolia), though the site was not burned at any time during the study period
from May 2019 to January 2020. The total period can be divided into the growing/vegetation season
(May to the end of October) and the dormancy period (November to January).

2.2. Micrometeorology

At LBJ, NEON operates an EC tower that is fitted with instruments at four different heights in the
woodland canopy, with one set of sensors extending above the canopy as well. These instruments
include a sonic anemometer, net radiometer, open-path CO2/H2O analyzer, as well as tubing that collects
vapor at each level and directs it inside a sheltered unit for isotopic analysis on the Picarro™ CRDS.

Actual evapotranspiration (ETEC) values were converted from the given latent heat flux
(λE, W·m−2) values to mass units (mm·day−1) using the latent heat of vaporization of water [25]
for every 30 min and then summed over 24 h. Days where there were not at least 40/48 data points
available were excluded from the analysis.

The flux footprint area was modeled for May of 2019 using the Flux Footprint Prediction Model
(FFP) (found at https://geography.swansea.ac.uk/nkljun/ffp/www/) [26]. Input data for the model
include wind speed, wind direction, friction velocity, Obukhov length [27], displacement height,
measurement height, and standard deviation of lateral velocity fluctuations after rotation.

Due to EC sensor issues at the beginning of the study, the Penman–Monteith reference
evapotranspiration (ET0; mm·day−1) was calculated to provide ET estimates. The FAO-56 method [28]
was utilized at a daily scale. If there were incomplete data (<40 data points per day) for any of the
input parameters, then that day was excluded from the analysis. A summary of NEON data products
used in this study, along with their associated instrumentation, can be found in Table S1 [23].

2.3. Sap Flow Sensors

To directly measure transpiration in the EC tower footprint, eleven oak trees were fitted with
thermal dissipation sap flow sensors [14,15] on 11 May 2019 and ran continually until 31 January
2020. All instrumented trees were either Quercus marilandica or Quercus stellata with a minimum,
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maximum, and average diameter at breast height (DBH) of 21.5, 54.5, and 32.6 cm, respectively
(Table S2). All trees had branches above sensor installation height (~1.3 m) and were not shaded by
any nearby tree. Sap flow sensors were custom made in the Moore Ecohydrology Lab at Texas A&M
University [14,29]. Data was collected every 30 s and later averaged over 30 min intervals on a CR1000
datalogger (CR1000, Campbell Scientific Inc., Logan, Utah).

The sapwood depth was determined by taking tree cores using an increment borer and partially
immersing the fresh cores in a safranin-fucsin dye [30–32]. Where the dye clearly moved from the
bottom to the top of the core was considered to be actively conducting sapwood. All trees with sensors
had a sapwood radius greater than the sensor depth of 2 cm (Table S2) [33]. Sapwood area ranged
from 0.022 to 0.149 m2, with an average of 0.056 m2 per tree.

2.3.1. Baseline Corrections

It was determined after initial calculations of VPD and sap flow processing that nighttime flows
were occurring at the site. VPD did not reach zero on a nightly basis, and there was not a consistent
baseline for ΔTm which introduces error into the original thermal dissipation equation. To account for
this error and adjust ΔTm for nighttime flows, a “baseline smoothing” process was utilized where daily
minimum VPD was plotted with daily precipitation (Figure 1A) and days that had <0.1 kPa VPD and
zero precipitation were considered days where calculated ΔTm was accurate. The ΔTm for remaining
days were linearly gap-filled to create a smooth baseline. These new ΔTm were then used to re-process
the sap flow data.

Figure 1. (A) Daily minimum vapor pressure deficit (dashed lines) and precipitation (blue bars) with
days having a true ΔTm marked (black squares); (B) the raw measured average ΔTm and corrected ΔTm

portraying baseline smoothing.

2.3.2. Transpiration Scaling

Scaling up sap flow measurements to the footprint of the EC tower was done using surveys from
trees in 29 individual 400 m2 vegetation plots [23]. Within the 29 plots, there were 915 live individuals
total for which the stem diameter and tree height were recorded. Using DBH, the basal area was then
calculated for each individual tree, and an allometric equation was applied to calculate the sapwood
area for each individual based on the basal area (y = 0.6075x + 0.0004, R2 = 0.92). The total sapwood
area per plot was divided by the total plot area to get sapwood area per unit ground area (m2 m−2)
for each plot, and a threshold value of 0.2 m2 of sapwood area was used to differentiate between
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woodland and grassland plots (Figure S1). The average sapwood area per unit ground area for all of
the woodland plots (x = 0.0012 m2 m−2 ± 0.0006, n = 19) was used to calculate the total sapwood area
in the EC tower airshed. Transpiration (mm·day−1) was then calculated by multiplying the average
sap-flux density of all sap flow trees (kg m−2 day−1) by the average sapwood area per unit ground
area. This bottom-up approach has been utilized in other studies [5,8] and validated by a review on
methods for scaling up T measurements from tree to stand level [34]. It should be noted that this T
estimate was based on oak allometry and sap flux, but there were other species present in the plots that
may have different sapwood area to basal area ratios. Note that no understory species were included
in this T estimate, including any woody vegetation with DBH < 0.5 cm.

2.4. Stable Isotopes

2.4.1. Method Framework

Given ET = E + T, the respective contributions of E and T to ET can be calculated using the isotopic
mass balance approach, assuming a two-source model

δETET = δEE + δTT (1)

where δET, δE, and δT are equal to the isotopic composition of evapotranspiration, soil evaporation,
and plant transpiration, respectively. The ratio of T to ET can then be calculated as

fT =
T

ET
=
δET − δE

δT − δE
(2)

To use this method, the isotopic composition of water in three “end members” (i.e., soil, vegetation,
and atmosphere) are needed, and the resulting ratios of each can be applied to total ET to get values of
the individual components [35,36]. Differences in the isotopic composition of water in vegetation and in
soil occur from fractionation during the evaporation process. The soil evaporating front changes with
soil texture, soil moisture, and other environmental conditions, but is generally at the surface when the
soil is saturated, and between 0.2–0.3 m in depth when the soil is not saturated [37–39]. Water is not
fractionated during the transpiration process under steady-state conditions, so the isotopic composition
of transpired water can be assumed equal to that of the xylem water [18,40,41]. Steady-state conditions
are usually met around midday in field conditions [42]. Figure 2 shows the stepwise process for
partitioning ET using the stable isotope method.

 

Figure 2. Conceptual diagram for obtaining fT using the stable isotope method. All δ values represent
either δ2H or δ18O. Blue boxes represent 30 min National Ecological Observatory Network’s (NEON)
data, orange boxes represent monthly samples. δe = isotopic composition of soil water at evaporating
front, obtained from soil samples and δt = isotopic composition of xylem water, obtained from twig
samples collected under steady-state conditions.
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2.4.2. δET, δE, and δT

The Keeling plot approach was used for obtaining δET [35]. Measurements of the concentration
and isotopic composition of water vapor at varying heights in the woodland canopy are sufficient to
fit the linear model used in the Keeling plot approach [43–45]. Data for this approach were available
from NEON [23]. Water vapor was collected by tubing at five different heights on a 30 min time step
in the woodland canopy and circulated into the instrument hut where it was then analyzed for δ18O
and δ2H via cavity ringdown spectroscopy (Picarro L2130-i, Picarro Inc., Santa Clara, CA, USA) in
near-real-time. Water vapor concentrations at the same heights were included in the bundled EC data
products. Only values from 10:30–14:00 h were used in the analysis.

Values of δE were attained from a combination of field samples and the Craig-Gordon Model
(CGM) [46]

δE =
δe/α∗ − hδv − εeq − (1− h)εk

(1− h) + (1− h)εk/1000
(3)

where δe is the isotopic composition of liquid water at the soil evaporating front, α* is the equilibrium
fractionation factor (1.0098 and 1.084 at 20 ◦C for 18O and 2H, respectively [47]), h is relative humidity,
δv is the isotopic composition of the background atmospheric water vapor, αk is the isotopic fractionation
factor (0.9755 and 0.9723 for 2H and 18O, respectively [48,49]), εeq is equal to 1000(1 − 1/α*), and εk is
equal to 1000 (αk − 1).

Values for δT were attained directly through a sampling of twig water under steady-state
assumptions, as has been done in other studies [35]. Under this scenario, it is assumed that the isotopic
composition of the source water and transpired water are the same (δX = δT).

2.5. Field Sampling and Sample Analysis

2.5.1. Soil and Twig Sampling

To obtain isotopic values for soil water at the evaporating front (δe) and xylem water (δt), monthly
soil and twig samples were taken. There was a total of nine sampling events during the study period
that were carried out approximately every four weeks (Day of Year [DOY] 143, 170, 204, 234, 266,
294, 329, 351 in 2019 and DOY 24 in 2020). Soil samples (n = 4 per sampling day) were collected at
midday (between 10:30–14:00 h) every month during the period of the study (May 2019–January 2020)
to capture seasonal variability in δE. Samples were collected at 0.2 to 0.3 m depth when the soil was
unsaturated, and taken from the surface when the soil was saturated. Soil saturation was determined
at the site on sampling days before cores were taken. Samples were taken using a hand auger and
immediately transferred into 12 mL glass vials and sealed with a cap and parafilm. To prevent
evaporation, vials were transported upside down at ~34 ◦C to a freezer within 8 h. Samples were kept
frozen until being processed at the Stable Isotopes for Biosphere Science (SIBS) Laboratory at Texas
A&M University.

Twig samples (n = 4 per sampling day) were collected on the same days as soil samples during the
same time window to satisfy steady-state conditions for xylem water sampling and to capture seasonal
variability in δT. Samples were taken using a pole pruner from mature branches on trees containing
sap flow sensors and were approximately three to five centimeters in length and less than 19 mm in
diameter. The bark was then stripped from the twigs, and the twigs were immediately transferred into
12 mL glass vials and stored in the same manner as the soil samples.

2.5.2. Cryogenic Water Extractions and Analysis

All samples underwent water extractions using a cryogenic (liquid nitrogen) vacuum distillation
system. Soil samples were extracted for approximately 75 min and twigs for approximately 55 min.
The extracted water was then transferred to scintillation vials via pipet and stored at 34 ◦C until analysis.

110



Water 2020, 12, 2967

The hydrogen and oxygen isotope analyses were performed using a Thermo Scientific High
Temperature Conversion/Elemental Analyzer (TC/EA) coupled to a Conflo IV and a Thermo Scientific
Delta V Advantage IRMS at the Stable Isotopes for Biosphere Science Laboratory, Texas A&M University.
One micro liter (1 μL) of the sample was injected into TC/EA using a PAL autosampler. The injected
sample was converted to H2 and CO gas by pyrolysis reaction through a glassy carbon tube filled with
glassy carbon chips and heated at 1370 ◦C. The H2 and CO gas were separated by a 2 m packed gas
chromatograph and were analyzed for the hydrogen and oxygen isotope ratios, respectively, in the
Delta V Advantage IRMS. One sample was injected three times, and reported values are an average of
these triplicate injections ± 0.01‰.

Calibration curves were derived using in-house water standards: SIBS-wA (δ2H = −390.8 ‰, δ18O
= −50.10 ‰) and SIBS-wP (δ2H = −34.1 ‰, δ18O = −4.60 ‰). Quality control was performed using an
in-house water standard, SIBS-wU (δ2H = −120.3 ‰, δ18O = −15.91 ‰). These in-house standards
were calibrated using IAEA standards (VSMOW2, SLAP, and GISP) in 2009 and 2014.

2.6. fT Analysis for Sampling Days

To determine how fT compares between the stable isotope method and the residual of ET (ETEC or
ET0) and T, only data from days when the soil and twig samples were collected (to provide surrogate
values for the Keeling plots and CGM) were analyzed initially for the growing season (May–October
2019). Four methods were used to calculate fT: (1) T/ETEC, (2) T/ET0, (3) δ2H-based stable isotope
method, and (4) δ18O-based stable isotope method. This approach was used to provide insight as
to how various partitioning methods compare to each other, how δ2H and δ18O compare within the
stable isotope method, as well as how the various methods might change over time and with changes
in seasonality. Samples were taken for November 2019 to January 2020 as well; however, it was
assumed that fT would be zero during this time, due to the trees having entered dormancy and the
leaves abscising.

3. Predictive Model Development

An advantage of our study relative to others like it is the high data resolution and data availability
across spatial and temporal scales that are collected by NEON. Due to the high-resolution data that is
available throughout the growing season, two models were developed for predicting δe and δt for all
days in the study period based on data from the sampling days. As obtaining soil and twig samples on
a daily basis is cumbersome, expensive, and logistically infeasible, this inherently limits the utility of
the stable isotope method by limiting the temporal resolution of surrogate values used in the CGM
and Keeling plots. However, this barrier may be removed by predicting the isotopic composition of δe

and δt (both δ2H and δ18O) based on other environmental variables that are easier to measure and do
not require on-site presence.

Single and multiple linear regression models were tested using environmental data provided from
NEON (air temperature, VPD, soil moisture, precipitation, soil heat flux, net radiation, water vapor
concentration, water vapor isotopic composition, wind speed, and relative humidity) to predict the
measured isotopic composition of δe and δt for sampling days during the growing season. Values from
the δt predictive models were used directly for δT in the isotope method for partitioning ET, and values
from the δe predictive models were used in the CGM to get δE. fT was then determined every day from
11 May to 31 October for both δ2H and δ18O.

4. Results

4.1. Environmental Data

The majority of the growing season was characterized by high air temperature (>20 ◦C), stable
wind speed, high daytime VPD (>0.3 kPa), and low soil moisture (<0.20 cm3 cm−3) following storms
in May and June (Figure 3). Soil moisture fell consistently between July and September, and this same
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period experienced the highest daily air temperatures and the least amount of precipitation during the
study period. Daytime VPD also reached its maxima in August, indicating peak summer conditions.

Figure 3. (A) Thirty-minute average air temperature and wind speed recorded from the eddy covariance
(EC) tower during the study period; (B) average daytime (6:00–18:00 h) vapor pressure deficit (VPD);
(C) and soil volumetric water content (VWC) at 0.16 m depth at soil plot 1 along with daily precipitation
totals. Days where there was an isotope sampling event (soil and twigs) are highlighted in yellow.

However, with the onset of the dormant season at the end of October and the beginning of
November, the air temperature dropped markedly, and daily average wind speed showed higher
fluctuations without the tree canopy acting as a buffer around the EC tower (Figure 3A). Due to changes
with wind speed and air temperature dynamics, daytime VPD also began to drop, relative to growing
season conditions (Figure 3B). The beginning of the dormant season was also characterized by a few
large rain events that elevated soil moisture levels relative to the summer, and smaller, more frequent
rain events maintained these higher levels throughout the end of the study (Figure 3C).

Water vapor isotopes also had distinct characteristics during the growing and dormant seasons.
While trees were still transpiring, temperatures were still warm, and wind speeds were stable, average
water vapor δ2H and δ18O was also relatively stable (Figure 4). As trees began to senesce in October
and November, resulting in less stomatal conductance, the boundary layer conditions changed, and this
is reflected in the higher degree of fluctuations of water vapor isotopes in the dormant season relative
to the growing season.
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Figure 4. Average isotopic composition of water vapor for the study period. The vertical black line
indicates DOY 325 when the trees entered dormancy and leaves abscised.

4.2. Water Fluxes

Due to technical issues, actual evapotranspiration (ETEC) was unreliable for the beginning of
the study period (Figure 5). However, there was a moderate agreement for daily evapotranspiration
estimated by Penman–Monteith (ET0) and the eddy covariance method for the remainder of the
growing season (2.25 ± 0.89 mm·day−1 and 2.60 ± 0.92 mm·day−1, respectively). The eddy covariance
method provided sufficient data 40% of the time from 11 May 2019 to 31 January 2020 (107/265 days in
the study period), and ET0 provided sufficient data 88% of the time (233/265 days).

 

Figure 5. Daily transpiration (Tsap flow), reference evapotranspiration (ET0), actual evapotranspiration
(ETEC), and precipitation for the study period. Days where there was an isotope sampling event
(soil and twigs) have been highlighted in yellow.

Total precipitation during the measurement period prior to dormancy (11 May to 31 October
2019) was 315.77 mm, or about 38% of MAP, which was 36% below normal for that time of year based
on data from the last 50 years [50]. Total T, ET0, and ETEC for this same time period were 102.2 mm
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(12% of MAP), 391.5 mm (47% of MAP), and 452.4 mm (54% of MAP), respectively, for that partial
growing season. Average transpiration for the study period was 0.59 ± 0.18 mm·day−1, and trees were
officially deemed dormant on DOY 325 (21 November 2019) based on sap flow data, just before the
November sampling event. The average ET0 and ETEC for the dormant season (November–January)
was 0.94 ± 0.55 and 0.44 ± 0.28 mm·day−1.

4.3. Sampling Days

4.3.1. Global Meteoric Water Line and Keeling Plot

The isotopic composition (δ18O and δ2H) of atmospheric and precipitation samples fell closely
along the global meteoric water line (GMWL), as was expected (Figure 6). The soil samples fell to
the right of the GMWL, indicating preferential evaporation of lighter isotopologues of water and soil
enrichment with the heavier isotopologues. These results indicate the evaporative fractionation of soil
water and an appropriate degree of separation between the signals of twig and soil water isotope ratios.

Figure 6. δ2H versus δ18O for soil, precipitation, twig, and atmospheric water samples as related to the
global meteoric water line (GMWL) for the entire study period.

The average of the inverse water concentration between 10:30–14:00 h was used against the isotope
ratio (both δ18O and δ2H) during the same time period to construct turbulent mixing relationships,
or Keeling plots. In examining Keeling Plot relationships, we found that the inverse water vapor
concentration was closely related to isotopic ratios during all sampling events (p < 0.05) except July
(δ2H and δ18O) and October (δ18O) with R2 ranging up to 0.86 (Table 1). As 1/[H2O] increased,
heavier isotopes tended to decrease. The monthly predictions of δET from Keeling plots varied widely
throughout the study period for both H and O.
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Table 1. Descriptive statistics for linear regression (Keeling Plot) analyses for sampling events during
the growing season. Sample size (N) is the total of water vapor data from 10:30 to 14:00 at five different
heights in the forest canopy for each sampling day. DOY, Day of Year.

Sampling DOY
2019

Stable Isotope
Keeling Plot

N Slope δET R2 p-Value

143
δ18O 21 −236.37 −1.07 0.71 <0.001
δ2H 21 −1853.90 −3.37 0.77 <0.001

170
δ18O 29 −97.11 −7.86 0.61 <0.001
δ2H 29 −864.74 −47.32 0.86 <0.001

204
δ18O 29 109.86 −19.60 0.09 0.11
δ2H 29 184.18 −112.54 0.02 0.52

234
δ18O 29 103.95 −13.95 0.13 0.05
δ2H 29 −682.05 −44.91 0.57 <0.001

266
δ18O 16 −368.38 3.03 0.44 0.005
δ2H 16 −1084.78 −28.37 0.29 0.03

294
δ18O 28 7.11 −13.57 0.03 0.4
δ2H 28 −331.99 −76.86 0.72 <0.001

4.3.2. fT for Soil and Twig Sampling Days

The average fT calculated from the stable isotope method with data from only sampling days
was 0.85 ± 0.27 for δ18O and 0.7 ± 0.55 for δ2H. On two of the sampling days where the Keeling Plots
had significant slopes (May and September) fT exceeded 100% of total ET for both δ2H and δ18O.
Additionally, the δ2H July sampling event had a fT < 0, though the Keeling Plot for this event was not
significant. The average fT calculated from ET0 was substantially lower (0.25 ± 0.1) and never went
below 0 or above 1 (Figure 7).

 

Figure 7. The fractional contribution of transpiration to total evapotranspiration on sampling events
during the 2019 growing season calculated using the stable isotope method for both δ2H (dark grey
bars) and δ18O (light grey bars), and using the residual of T/ET0 from scaled sap flow measurements
(black bars).

4.4. Predictive Models for Growing Season and Dormant Season Sampling Days

It was determined that average daytime VPD (between 6:00–18:00 h) and average soil moisture at
0.16 m depth were the single best predictors of δe and δt, respectively (Figure 8). Soil moisture at other
depths was tested; however, 0.16 m performed the best and was empirically logical as it is the depth
in-between saturated (surface) and unsaturated (0.2 to 0.3 m) sample depths. Equations from Figure 8
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were then used to estimate daily values of δe and δt for use in the stable isotope method to partition
ET. All growing season models were significant at the 95% confidence level, with the exception of the
δe δ2H model. A total of 6 data points were used in the δt models, but the July sampling event was
excluded from the δe models as its Keeling Plot had an insignificant slope (Table 1), and its isotope
ratio values were outliers compared to the other five months.

 

Figure 8. Linear regressions of δ18O vs. average soil moisture (A) and average daytime VPD (B),
δ2H vs. average soil moisture (C), and average daytime VPD (D) for the growing season only.

For the dormant season, the same approach was utilized for δe and δt modeling during the
growing season. The additional data from November 2019–January 2020 was added to the four models,
and new regressions were conducted. The δt models were mostly unaffected and continued to be
significant for both δ2H and δ18O (Figure 9). However, for the δe models, the slope of the regression line
switched directions, the R2 values dropped markedly, and the p-value for the previously significant δe

δ18O model jumped to 0.75. Due to these reasons, δe and δt were not modeled for the dormant season.

 

Figure 9. Linear regressions of δ18O vs. average soil moisture (A) and average daytime VPD (B),
δ2H vs. average soil moisture (C), and average daytime VPD (D) for the growing season and dormant
season combined.
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4.5. Entire Growing Season

4.5.1. Keeling Plot

To predict δET for the entire growing season, atmospheric isotope data and water vapor
concentration data for every day from 11 May 2019 to 31 October 2019 were collected and filtered for
data only during 10:30–14:00 for each of the five heights in EC tower. This data was then input into
Rstudio and underwent linear regression (Keeling plots/turbulent mixing relationships) for every day
there were sufficient data, for both δ18O and δ2H. Relevant parameters were extracted for each day,
including sample size (N), slope, intercept (δET), R2, and a p-value, which are reported in Table S3.
Of the 164 days in the growing season, there were sufficient EC tower data to construct Keeling plots
for 131 days (80%). Of these 131 days with complete data, there were significant slopes for 112 days
(86%) using δ2H, and 89 days (68%) using δ18O. Keeling plots were not constructed for the dormant
season, due to issues with δe modeling and unstable boundary layer conditions.

4.5.2. Craig-Gordon Model

Of the 164 days in the growing season, the CGM successfully ran for 148 (90%) of days. In this
case, δ18O and δ2H performed equivalently in terms of producing values for δE, and the limiting factor
for running the CGM was obtaining complete water vapor isotope data from the EC tower and CRDS.
Sixteen days (10%) were missing or had incomplete water vapor isotope data. Relative humidity data
were complete for the entire season, as well as soil moisture used to predict δe.

4.5.3. Daily fT for Entire Study Period

Days with insignificant Keeling plots (p-value > 0.05) were excluded for fT using the stable isotope
method, along with days having an fT < 0 or >1.0 for all methods. Day 131 was excluded, due to site
setup and disturbance. For the first approach (T/ETEC), the average fT was 0.36 ± 0.31, and there was a
total of 70 days (43%) with valid and complete data. For the second approach (T/ET0), the average fT
was 0.28 ± 0.11, and there was a total of 140 days (86%) with valid and complete data. Both δ2H and
δ18O had an average fT of 0.77 ± 0.20, though there were only valid data for 79 and 56 of the 164 days
(48% and 34%), respectively. The results from raw calculated fT are reported in Figure 10.

 
Figure 10. Fractional transpiration computed using T/ETEC (closed circles), T/ET0 (open circles) δ2H
(open triangles), and δ18O (closed triangles).
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On average, fT calculated from T/ETEC or T/ET0 were 41% and 49% lower than those calculated
from the stable isotope method. Minimum fT calculated from the stable isotope method was nearly
always greater than the maximum value calculated by traditional methods (T/ETEC, T/ET0). To remove
this potential systematic bias from the estimates, fT from the stable isotope method was bias-corrected
to ET0 (Figure 11 left) and ETEC (Figure 11 right) using the average difference as the trends (direction
and slope) were similar, despite the absolute magnitude being different. The average ET0 bias-corrected
stable isotope fT was 0.40 ± 0.15, and the ETEC bias-corrected fT was 0.32 ± 0.15, which are only 4–12%
greater than traditional fT, as opposed to 41–49% before normalization.

Figure 11. Stable isotope fT bias-corrected to (left) ET0; (right) ETEC. Data for ETEC before DOY 241
were invalid and excluded from the analysis.

5. Discussion

This study demonstrated the utility of using a combination of stable isotopes, sap flux, and eddy
covariance techniques to partition ET in an oak woodland and introduces a novel methodology using
CRDS water vapor isotopes. The stable isotope technique has benefited from improved technological
advancements with cavity ringdown spectroscopy and high-temporal resolution vapor collection
systems that work in unison with eddy covariance and sap flux systems. However, the stable isotope
method for partitioning ET did not compare favorably with more traditional techniques, such as
using the difference of total ET from eddy covariance or ET0 along with T estimated from sap flow
measurements, on any sampling day. There was a 41–49% overestimation of fT in this system when
utilizing the stable isotope technique compared to ETEC or ET0 relative to sap-flux-based T. When using
the average difference to normalize fT for either δ18O or δ2H the overestimation was reduced to 4–12%,
which is within the range found from other studies [10]. This suggests that there may be a systematic
bias to the CGM, which leads to the overestimation of fT in natural systems, and this bias should be
investigated thoroughly in the future.

When comparing δ18O and δ2H within the stable isotope method, there was much agreement
between the two, which contrasts with results and conclusions from other studies [10,21,32].
Typically, δ2H is utilized over δ18O, due to its higher degree of sensitivity. However, the high
temporal-resolution data provided by the CRDS was able to provide the necessary data resolution
for δ18O to have a similar performance to δ2H. Both δ18O and δ2H were able to satisfy requirements
for the CGM 90% of the time, and δ18O only slightly underperformed in the Keeling Plot approach
when compared to δ2H (68% and 86% of the study period). This may be in part to the more sensitive
fractionation coefficient for δ2H relative to δ18O, which increases the potential for significant results,
or there may have been evaporation in soil and twig sample vials during transit from the field to
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the lab (for IRMS analysis), which could have led to the error. However, these results complement
those from the GMWL, indicating that the stable isotope approach can successfully be utilized within
the framework provided in this study. The limiting factors in constructing Keeling plots at the daily
scale using the CRDS and the EC tower are having a robust data collection system and a field crew
that can maintain and repair the instruments in the case of malfunction or failure. While δ2H slightly
outperformed δ18O, which was expected, δ18O performed more strongly than previous studies have
suggested. This indicates that the high temporal-resolution data collected by the CRDS is truly
necessary to make this approach viable at the daily scale for both stable isotopes of water.

A severe limiting factor to the utility of the stable isotope approach for partitioning ET, however,
is the ability to obtain soil and xylem water samples from the field at fine enough resolutions to
examine multi-day or seasonal trends in δe and δt. For this study, field samples were only feasibly
obtained monthly, which limited the data available for partitioning initially to one day per month.
However, due to partnership with NEON, a diverse suite of data was available at a much higher
resolution, and soil and xylem water were successfully modeled using 30 min VPD and soil moisture
data, respectively. This enabled us to partition ET from what was initially only six sampling events, to
79 and 56 days for δ2H and δ18O, respectively. While this was still only 56% and 48% of all days in
the growing season, the stable isotope method was markedly improved by utilizing a combination of
modeling and field sampling events. Our model also coincides with results from recent work that
established tree water status, driven by soil water potential and atmospheric conditions, was the main
reason for source water partitioning and isotopic fractionation during a 7-week lysimeter experiment
in Switzerland [51].

While 0.16 m soil depth worked best during the growing season for this study, other depths
may work better under different precipitation regimes. For instance, if the soil constantly remained
unsaturated during the growing season, then 0.2 to 0.3 m may be more appropriate to model δe

dynamics. Similarly, under flooded conditions, it would be more appropriate to model δe from soil
moisture at the surface. While source water for trees was not independently identified during this study,
that may be advantageous in the future to verify the assumption that δX = δT. Furthermore, modeled δt

in this study was based solely on xylem water from Quercus spp. twig samples. However, these values
may change if other species in the tower footprint were sampled instead. A more accurate estimation
of both T and δt may be achieved by measuring sap flow in additional species and sampling those
species for xylem water simultaneously. Steady-state assumptions were justified in this study, due to
sampling in the mid-day and afternoon conditions, but there is an increasing body of evidence that in
the early morning and evening, steady-state conditions are no longer present. This should be taken
into consideration for future work; however, some studies have also shown that fT calculated both
ways is similar at the end of the day [36].

When dormant season data was added to the δe and δt models, δt remained significant as the
water inside of the trees were not being utilized during dormancy; however, the δe models became
unreliable. This suggests that evaporation dynamics during the dormant season are different than
during the growing season, and that these dynamics were not successfully captured in the CGM.
Furthermore, atmospheric water vapor isotopes at the onset of and during the dormant season are
considerably more variable than during the growing season. This is likely due to the physical barrier
that leaves give at the top of the canopy, as well as the regulating properties of active transpiration on
the boundary layer micrometeorology [52].

It should be noted that forests and woodlands inherently have more variability and heterogeneity
when compared to engineered or agricultural systems like croplands, and this may result, in part,
account for variance observed in the boundary layer. However, the combination of insignificant δe

models and sporadic water vapor concentrations just before and after trees lose their leaves suggests
that the CGM cannot be utilized during the dormant season in such systems.

While the application of δe and δt modeling may be used to interpolate between sampling
events during the growing season, the utility of the approach is severely limited during the dormant
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season, due to shifts in boundary layer conditions and evaporation dynamics at the soil surface.
Additional experiments with the CGM using high temporal-resolution data collection systems similar
to this study are warranted to reconcile discrepancies for CGM performance over changes in seasonality.
While in this study, the assumption that T was negligible during the dormant season may be appropriate,
this may not be the case in other systems.

6. Conclusions

This study demonstrated a novel methodology for partitioning ET using a combination of the
high-resolution stable isotope, sap flux, and eddy covariance techniques over multiple seasons in a
natural oak woodland site. To the best of our knowledge, this is the first report of utilizing a CRDS
for ET partitioning at this timescale and under these conditions, and only the second report of direct
partitioning comparisons between stable isotope derived fT and fT from sap flow and eddy covariance.
Furthermore, we have developed predictive models for estimating the isotopic composition of the
soil (δe) and xylem (δt) water (both components necessary for the stable isotope-based ET partitioning
method) on days when field samples cannot be taken, by utilizing common environmental and
micrometeorological data. With the high-frequency data made available through NEON, we found
that δ2H and δ18O produced similar results, where, in the literature, δ2H is typically only utilized.
The utility of the stable isotope method for partitioning ET has been markedly improved with the with
the integration of high-temporal resolution data collection systems, such as an EC tower coupled with
a CRDS, along with field sampling of soil and twigs. However, further refinement of the methodology,
particularly in natural systems, is still needed to reconcile potential biases inherent in this approach,
and to test the utility of the proposed δe and δt models under wide-ranging conditions. We recommend
that future investigations continue to refine the use of high frequency stable isotope data for novel
application in partitioning ET, given the advantages of a single integrated whole-canopy estimation.
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Abstract: Landform changes caused by human activities can directly affect the recharge of
groundwater, and are reflected in the temporal and spatial changes in groundwater stable isotope
composition. These changes are particularly evident in high-intensity farming areas. In this study,
we tested and analyzed groundwater stable isotope samples at different elevations of rice terraces
in a typical agricultural watershed of the Hani Terraces, a World Heritage Cultural Landscape
in southwest China. Thus, we determined the characteristic variations and factors that influence
the temporal and spatial effects on groundwater stable isotopes in the Hani Terraces, which are
under the influence of high-intensity farming activities. The elevation gradients of δ18O and δ2H in
groundwater are significantly increased due to farming activities. The values were 0.88‰ (100 m)−1

and −4.5‰ (100 m)−1, respectively, and they changed with time. The groundwater circulation cycle is
approximately three months. We also used the special temporal and spatial variation characteristics
of the groundwater isotopes as a way to evaluate the source and periodic changes of groundwater
recharge. In addition, high-intensity rice farming activities, such as ploughing every year from
October to January can increase the supply of terraced water to groundwater, thus ensuring the
sustainability of rice cultivation in the terraces during the dry season. This demonstrates the role of
human wisdom in the sustainable and benign transformation of surface cover and the regulation of
groundwater circulation.

Keywords: Hani Rice Terraces; hydrogen and oxygen isotopes; groundwater recharge; elevation
effect; deuterium excess

1. Introduction

Groundwater, as the world’s largest freshwater resource, is critically important for irrigated
agriculture, and hence for global food security [1]. The increasing use of groundwater resources for
human consumption, agriculture, and industrial uses requires the protection of recharge areas from
contamination or land use and land cover changes that may affect the quality and quantity of water in
the aquifers [2–4]. Furthermore, climate change has the potential to exacerbate the problem in some
regions. For example, it is predicted that anthropogenic climate change will affect rainfall amount
and distribution in many parts of the world [5–8]. Under the influence of both climate change and
human activities, depletion of water is widespread in large groundwater systems in both semi-arid
and humid regions of the world [1]. Consequently, documenting the spatial patterns and determining
the magnitude of groundwater recharge is important for understanding and managing groundwater
systems using the appropriate tools [4].
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One of the major changes that has occurred in earth and environmental sciences is the addition of
rigorous analytical tools such as isotopes, to complement classical descriptive methods [9]. For example,
the isotopic ratios of chemical elements such as oxygen and hydrogen of the water molecule (18O/16O
and 2H/1H, respectively) are used as powerful tools to trace isotopes in hydrological processes [10–13].
Without any evaporation and exchange with dissolved gases or rocks, the stable isotopes (18O and 2H)
can be considered as conservative, and thus reflect the mixture of the different recharge at the origin of
the groundwater. Meanwhile, the abundance of 18O and 2H is driven by environmental conditions
such as recharge altitude, recharge water source, and ambient temperature, which leads to a specific
signature in the groundwater [14–16].

Since the 1970s, hydrogeologists have used stable water isotopes (2H and 18O) as tracers to explain
the isotopic characteristics of groundwater across the seasons, and calculate groundwater recharge
sources and the groundwater recharge altitude [17–19]. As research continued, groundwater recharge,
the relationship between groundwater and surface water, the origin and evolution of groundwater,
and groundwater quality gained increasing attention [20–23]. These studies have made a positive
contribution towards understanding groundwater processes, protecting regional water resources,
achieving regional water cycle stability, and maintaining the sustainability of social production and life.

Groundwater recharge in both moist and arid areas is susceptible to changes in land use/land
cover, especially when this is due to human activities [24–26]. Previous studies have suggested that
the global impact of land use and cover change (LUCC) on the hydrologic cycle may surpass that of
recent climate change [27,28]. In Australia, removal of indigenous vegetation over the past 100 years
has significantly increased groundwater recharge and caused a rise in the water-table [29]. Research
on the Loess Plateau showed that groundwater recharge beneath natural sparse small-grass was
100 mm/year, but the conversion to winter wheat about 100 years ago reduced the groundwater
recharge to 55 mm/year [26]. Therefore, the traditional recharge estimation method and isotope effect
of groundwater has large errors in some areas.

This situation is particularly prominent in agricultural areas where humans have exerted large-scale
changes on the terrestrial biosphere, primarily through agriculture. For example, Liu et al. (2016)
studied the groundwater in the Malizhai River basin of the Hani Terraces and found that groundwater
in the terrace area had different elevation gradients at different elevations [30]. Further analysis by
Jiao et al. (2017) showed that the dominant landscape types at different elevations have a significant
impact on the isotope composition of underground spring water [31]. This impact is mainly manifest
in differences in the elevation gradients of stable isotopes present in spring water within the same
landscape type and between different landscape types. All of the unique variations in the elevation
effect on groundwater isotopes in this area point to the influence of changes in regional land use.
At present, it is known that land use change can affect the infiltration of surface water. However, it is
necessary to further analyze how land use change influences groundwater isotopes and their temporal
and spatial distribution, especially the impact of the land use change caused by agricultural activities
on regional groundwater circulation.

In this paper, we (1) analyzed the features of the elevation effect on the oxygen and hydrogen
isotopic composition of groundwater across month and year; (2) analyzed and identified the influencing
mechanisms of land use change caused by farming activities on the elevation gradient of groundwater
isotopes from a spatial perspective; (3) estimated the recharge cycle and period of regional groundwater
from a temporal perspective using the deuterium excess; and (4) deepened our understanding of how
farming activities can improve groundwater recharge efficiency and maintain agricultural sustainability.

2. Study Area

The study area is located in the Bada area, the core area of the Hani Terraces, a World Heritage
Cultural Landscape in Yuanyang County, Yunnan Province. It belongs to the Quanfuzhuang catchment
of the upstream tributary of the Malizhai River basin, located on the northern slope of the Southern
Ailao Mountains, with the longitude ranging from 102◦43′16′′ to 102◦50′39′′ E, and the latitude ranging
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from 23◦5′20′′ to 23◦13′18′′ N (Figure 1). The terrain in the whole catchment is high in the north and
low in the south. The catchment is fan-shaped from north to south, covering an area of 13.92 km2.
It accounts for 16.73% of the total area of the Malizhai River basin (83.2 km2). The elevation of the
catchment ranges from 1475 m to 2261 m. The elevation of the terrace area within the catchment ranges
from 1475 m to 1737 m. The terrace area is located in the middle and lower reaches of the catchment
and accounts for approximately 40% of the total area of the catchment. The terrain is characterized
by a change from gentle slopes to steep slopes, with steepness mainly >25◦. In terms of the climate,
the annual precipitation is 1532.19 mm, and the annual evaporation is 1500.60 mm. The distribution of
precipitation in the dry and rainy seasons is uneven. The rainy season is generally considered to be
from May to October, and the dry season is from November to April. The precipitation in the rainy
season accounts for 72% and the dry season precipitation accounts for 28%. The entire catchment
belongs to the headwater area of the Malizhai River, a first-order tributary on the right bank of the
Yuanjiang River in the upper reaches of the Honghe River. Abundant rainfall in the catchment provides
sufficient water for the river. The drainage system of the catchment develops in the form of tree
branches. There are two primary tributaries in the east and the west, which merge into the Malizhai
River at the lowest part of the catchment. In addition, due to the impact of the fault structures and
deep cutting terrain, the bedrock fissure water in the area mostly migrates from high to low water
levels. It is discharged in the form of springs or diffused flow in gullies and foothills, according to
the characteristics of recharge and discharge in the vicinity. In the study area, a large amount of
groundwater is discharged into springs.

Figure 1. Study area and distribution of sampling points.

According to field investigation and the 1:200,000 regional geological report of the Yuanyang
area [32], there are two types of aquifer: pore aquifer and fissured aquifer, in which the pore aquifer
includes Qualified Design Listing (Qdl) and Qualified Eluvium Listing (Qel). The thickness of two
strata with weak water abundance is between 0.1 m and 10 m. The fissured aquifer is gneiss and
granulite in the lower part of the formation, with developed cracks and joint. There is a network of
cracks in the weathering zone of these rocks. The difference in water abundance is controlled by the
degree of development of cracks and joints. As a whole, the water abundance is better. Moreover,
the water permeability of the rock with undeveloped joints and cracks is poor, forming an aquiclude.
Precipitation is the most important source of groundwater recharge. The runoff discharge and buried
depth of groundwater are obviously controlled by the terrain. Generally, groundwater has a short
recharge path, with on-site recharge and on-site discharge. However, the groundwater is also recharged
with the surface water in the terrace area and the lateral infiltration water of the upper terrace and
the lower terrace, but the overall recharge is weak. In terms of the hydrochemical characteristics of
the water in the River basin, the groundwater in the rainy season is classified as HCO3-Ca with a pH
value of 7.76 and total hardness of 81.54. The groundwater in the dry season is HCO3-Ca·Na with
a pH value of 6.89 and total hardness of 7.46. The ion content of the groundwater varies greatly in
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the dry and rainy seasons, which indicates that the recharge sources of groundwater are different in
different seasons.

3. Data Sources and Research Methods

3.1. Sample Collection and Testing

Remote sensing image interpretation and digital elevation model analysis were conducted in
the study area. Based on the results of our field investigation and taking into account water isotope
sampling standards and precautions, sampling points were arranged along different elevation gradients
in the Quanfuzhuang catchment of the Hani Terraces. The elevation of the sampling points ranged
from 1500 m to 2260 m, and the difference in elevation was 760 m (Figure 1). Samples were collected
for one year from May 2015 to April 2016, and the time of alternation between dry and rainy seasons
was kept consistent in order to comprehensively observe the change in isotope composition of samples
in a dry-rainy season cycle. Ten groundwater sampling points were established and 120 groundwater
samples were obtained. All the groundwater samples are spring water with a slow flow rate (0~0.2 m/s).

The hydrogen and oxygen isotope tests were conducted in the Key Laboratory of Plateau Lake
Ecology and Global Change, Yunnan Normal University. Using a Picarro L2130-i ultra-high precision
liquid water and moisture isotope analyzer, the measurement accuracy of δ18O and δ2H was ±0.1‰
and ±0.5‰, respectively. The final analysis results were expressed by the thousandth difference relative
to the Vienna standard mean ocean water (V-SMOW) as follows:

δ2H =

(RD−sample

RV−SMOW
− 1
)
× 1000‰ (1)

δ18O =

(RO−sample

RV−SMOW
− 1
)
× 1000‰ (2)

where Rsample and RV-SMOW represent the oxygen and hydrogen stable isotope ratios of R (18O/16O) and
R (D/H) in the water samples and V-SMOW, respectively.

3.2. Analysis Methods and Data Sources

The analysis methods included SPSS statistical analysis, correlation testing, ArcGIS geostatistical
analysis, and cartographic generalization. The meteorological data was obtained from the small
meteorological observation station located in Quanfuzhuang in the middle of the basin, which
automatically recorded the hourly data for temperature, humidity, precipitation, and other relevant
meteorological elements. The remote sensing images of the study area, showing the terrain and
location information of sampling points were downloaded from the Local Space Viewer software at
a resolution of 0.6 m. The digital elevation model was provided by the National Geospatial Data Cloud.
The hydrogeological data of the basin was derived from the field investigation of the study area and
the 1:200,000 regional geological report of the Yuanyang area.

4. Results and Analysis

4.1. Compositional Characteristics of Stable Isotopes Present in Groundwater

According to the analysis of the test results for stable isotopes present in 120 groundwater samples
during the one-year study period, in the middle-altitude terraces of the Quanfuzhuang catchment of
the Hani Terraces, the δ18O values of groundwater ranged from −9.65‰ to −3.01‰, with an average
value of −7.29‰, and the δ2H values ranged from −65.86‰ to −37.60‰, with an average value of
−51.32‰. The δ18O and δ2H values of groundwater isotopes during the rainy season ranged from
−9.65‰ to −3.01‰ and from −65.86‰ to −37.60‰, with average values of −7.10‰ and −50.52‰,
respectively. During the dry season, the value ranges were from −9.55‰ to −6.01‰ and from −62.38‰
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to −43.37‰, with average values of −7.47‰ and 52.11‰, respectively. Overall, there were minor
differences between the dry and rainy season. The average δ18O and δ2H values during the rainy
season were slightly higher than those during the dry season by 0.37‰ and 1.59‰, respectively. Both
the maximum and minimum values of δ18O and δ2H occurred during the rainy season. Spatially,
the groundwater stable isotope values (δ18O and δ2H) along the elevation gradient of 300 m in the
terrace area gradually decreased with increasing elevation. The differences between the stable isotope
values at the highest and the lowest sampling points were −3.04‰ and −15.28‰, respectively, and the
stable isotope values of spring water changed significantly with elevation.

Based on the measured values of hydrogen and oxygen isotopes present in groundwater from
May 2015 to April 2016, the simple linear regression analysis of δ2H and δ18O in groundwater showed
that annually, the relationship between δ2H and δ18O in the groundwater in the study area is δ2H =
4.98δ18O − 15.01 (R2 = 0.92, n = 144). In the rainy season, δ2H = 4.89δ18O − 15.79 (R2 = 0.90, n = 72);
in the dry season, δ2H = 5.19δ18O − 13.31 (R2 = 0.95, n = 72) (Figure 2). The slopes of the δ2H–δ18O
correlation lines of groundwater (LGWL) in the study area were similar for the whole year, the rainy
season, and the dry season. The slope of the rainy season was equal to that of the whole year, while the
slope of the dry season was slightly larger than that of the rainy season. In addition, the slopes for
the whole year, the rainy season, and the dry season in the study area were less than the measured
slope (8.31) of the annual local meteoric water line (LMWL) [33] and the slope (8.14 ± 0.02) of the
global meteoric water line (GMWL) [34], which indicates that the main groundwater recharge source is
terraced water with strong evaporation.

Figure 2. Local groundwater line (LGWL) for the study area across season, based on the data of
individual sampling from May 2015 to April 2016.

4.2. Variation in the Elevation Effect on the Stable Isotope Values of Groundwater

The groundwater isotope values (δ18O and δ2H) of 10 sampling points (D01–D10) in the study
area were averaged for each month in one year. It was found that the spatial distribution of the annual
spring water isotope values demonstrated an overall decrease with increasing elevation (Figure 3).
Through the correlation analysis of the elevation effect on the annual average stable isotope values
(δ18O and δ2H) of groundwater samples, it was found that the correlation coefficients (rα) for the
annual groundwater isotope values (δ18O and δ2H) and elevation were −0.80 and −0.78, respectively,
at a significance level of 0.05. The annual stable isotope values (δ18O and δ2H) of groundwater have
significant correlations with the elevation (n = 10, ra = 0.63). In other words, there are significant
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elevation effects. The regression equation can be obtained by regression analysis of the annual average
values of δ18O and δ2H in groundwater and the elevations:

δ18O = −0.0088 h + 6.91 (R2 = 0.64, n = 10) (3)

δ2H = −0.0450 h + 21.27 (R2 = 0.60, n = 10) (4)

where h is the elevation, and the unit is m. It was found that the elevation gradients of the annual
stable isotope values (δ18O and δ2H) of groundwater in the study area were −0.88‰ (100 m)−1 and
−4.5‰ (100 m)−1, respectively.

Figure 3. Variation in groundwater isotope values (δ18O and δ2H) with elevation.

In order to further explore the temporal change in elevation effect in the study area, we conducted
correlation analysis and regression analysis of the groundwater stable isotope values (δ18O and δ2H)
of 10 sampling points (D01–D10) with elevation. It was found that the groundwater stable isotope
values in both the dry and rainy season in the study area had significant correlation with elevation
(Table 1). Therefore, the effects of isotopic elevation on the groundwater in the study area were clearly
demonstrated. The elevation gradients of the groundwater stable isotope values (δ18O and δ2H) in the
dry season were −0.74‰ (100 m)−1 and −3.76‰ (100 m)−1, respectively, which were lower than those
of the spring water stable isotope values (−1.02‰ (100 m)−1 and −5.25‰ (100 m)−1, respectively) in
the rainy season, indicating that there was a higher isotopic elevation gradient in the rainy season.
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Table 1. The relationship between the stable isotope value of groundwater and the elevation in different
months in the study area.

Month

δ18O δ2H

Correlation
Coefficient(rα)

Regression Equation
Correlation

Coefficient(rα)
Regression Equation

May −0.70 * δ18O = −0.0073 h + 4.64 −0.76 * δ2H = −0.0452 h + 21.73
Jun −0.77 * δ18O = −0.0084 h + 6.59 −0.80 * δ2H = −0.0491 h + 29.92
Jul −0.75 * δ18O = −0.0109 h + 10.60 −0.81 * δ2H = −0.0583 h + 44.24

Aug −0.85 * δ18O = −0.0170 h + 20.46 −0.89 * δ2H = −0.0741 h + 69.91
Sep −0.67 * δ18O = −0.0077 h + 5.06 −0.64 * δ2H= −0.0461 h + 22.29
Oct −0.76 * δ18O = −0.0099 h + 8.51 −0.55 δ2H = −0.0420 h + 16.05
Nov −0.56 δ18O = −0.0066 h + 3.14 −0.56 δ2H = −0.0336 h + 1.48
Dec −0.66 * δ18O = −0.0074 h + 4.36 −0.63 * δ2H = −0.0379 h + 8.39
Jan −0.58 δ18O = −0.0069 h + 3.64 −0.53 δ2H = −0.0360 h +6.66
Fed −0.70 * δ18O = −0.0081 h + 5.56 −0.71 * δ2H = −0.0448 h + 20.97
Mar −0.76 * δ18O = −0.0083 h + 6.10 −0.66 * δ2H = −0.0355 h + 5.02
Apr −0.83 * δ18O = −0.0072 h + 4.27 −0.83 * δ2H = −0.0380 h + 8.60

Rainy season −0.87 * δ18O = −0.0102 h + 9.31 −0.84 * δ2H = −0.0525 h + 34.02
Dry season −0.70 * δ18O = −0.0074 h + 4.51 −0.67 * δ2H = −0.0376 h + 8.52

Annual −0.80 * δ18O = −0.0088 h + 6.91 −0.78 * δ2H = −0.0450 h + 21.27

Note: the sample number is 10. When |rα| ≥ 0.63, the correlation coefficient passes the correlation test, and this is
denoted as “*”.

During the dry-rainy season cycle (12 months) in the study area, most months demonstrated
significant elevation effects, except for November and January which showed no elevation effect was
shown (Table 2). The months with elevation effects accounted for 83.3% of the dry-rainy season cycle
(12 months). Further analysis showed that November and January, when there was no elevation effect,
and December, when the elevation effect was not significant, were in the transition period from the
rainy season (May to October) to the dry season (November to April of the following year). The change
in precipitation during this period may be one of the factors that affects groundwater elevation effects
in the study area. The impact of farming activities in this area is also an important factor. Therefore,
the change in elevation effect on groundwater during the transition period between rainy and dry
seasons is discussed further.
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5. Discussion

5.1. Spatial Effect: The Influence of Terraced Farming on the Elevation Effect on Hydrogen and Oxygen Isotopes
Present in Groundwater

It is generally believed that the aquifer in the study area was dug through due to large-scale
terrace excavation in the area. Consequently, a large amount of groundwater was discharged to the
surface in the terrace area, resulting in the mixing of groundwater and surface water and reducing
the elevation effect on groundwater in the study area. However, the current research indicates that
groundwater in the terrace area still has a significant elevation effect, which is clearly related to the fact
that the terraces in the study area are rice terraces.

Firstly, groundwater in the terrace area will be recharged by the terraced water and lateral
infiltration caused by the height differences between the terraces. However, the overall influence
is weak. This is the reason why the overall elevation effect on groundwater in the study area was
relatively significant (Figure 4). Research on the Hani Terraces by Jiao (2009) also showed that the
Hani Terraces are irrigated throughout the year with the exception of the harvest season (around
October). The water depth is generally between 20 cm and 25 cm and the terrace water storage is
0.25 m3/m2 [35]. The bottom mud of the terraces is generally clay with low permeability, and farmers
conduct real-time maintenance. Man-made rice terraces have better water-holding capacity, therefore,
the loss of field water caused by leakage in terraces is almost negligible [35]. Rice cultivation over
a long time and regular repair to prevent terrace leakage make surface water (field water) infiltration in
the terraces quite difficult; this is the key reason that terrace groundwater maintains a better elevation
gradient effect.

Figure 4. Spatial effect on groundwater under the influence of farming activities (schematic diagram).

However, the elevation gradients of the annual stable isotope values (δ18O and δ2H) of groundwater
in the terrace area are −0.88‰ (100 m)−1 and −4.5‰ (100 m)−1, respectively. These values are more
than twice the elevation effect gradients of the stable isotope values (δ18O and δ2H) of groundwater
in Slovenia: −0.33‰ (100 m)−1 (r = −0.89, p < 0.01) and −2.40‰ (100 m)−1 (r = −0.89, p < 0.01),
respectively [36]. Compared with the elevation gradient of δ18O of the global precipitation, which is
between −0.5‰ (100 m)−1 and −0.15‰ (100 m)−1 with an average value of −0.28‰ (100 m)−1 [37],
the elevation gradients of groundwater isotopes in the study area completely exceed this range.
However, the elevation gradient of δ18O of groundwater in the mountainous Hasi area in northwest
China is −0.118‰ (100 m)−1, which is less than this range [38]. This is due to the influence of farming
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activities on the surface water infiltration rate. As shown in Figure 4, the infiltration rate of rice terraces
is different to that of dry fields. The surface water in rice terraces is controlled by the impermeable
layer at the bottom of the terraces, which means water cannot infiltrate rapidly into the soil. Due
to evaporation on the surface over a long period of time, the water isotope value tends to be more
positive. In dry fields, precipitation and surface water can infiltrate rapidly into soil, so the isotope
value tends to be more negative. When water in two different regions is recharged to the groundwater,
if the elevation of the dry field is higher, the spatial difference in isotope values will be intensified
and the elevation gradient of the groundwater stable isotope values will be larger. If the elevation
of the dry field is lower, the spatial difference will be weakened, and the elevation gradient will be
smaller or even tend to be positive. Therefore, the groundwater elevation effect gradient can be used as
an indicator to determine the source of groundwater recharge, which is closely related to the landform
change caused by local farming activities, and there are large differences between different regions.

5.2. Temporal Effect: The Relationship between the Terrace Farming Cycle and the Groundwater Recharge Cycle

The deuterium excess (also called d-excess, or d value) was first proposed and defined as d = δ2H
− 8δ18O by Dansgaared [39]. It reflects the degree of deviation of the composition of the hydrogen and
oxygen isotope from the global meteoric water line, and to a certain extent, the differences between
different water vapor sources. In detailed studies of the d value, many researchers have also applied
the d value to other water bodies for analysis. In order to clarify the temporal variations in the
elevation effect on groundwater stable isotopes in the study area, the d value of the groundwater was
analyzed. As shown in Figure 5, the variation in the deuterium excess value of groundwater in the
study area in each month was between 5.72‰ and 8.99‰, with an average value of 6.98‰, and the d
value had significantly different characteristics in terms of time. In particular, the d value from May
to August was relatively low, ranging from 5.4‰ to 6‰. From September to February, the d value
increased continuously and was between 7‰ and 9‰; and from March to April it dropped below 7‰.
From September to February in the study area, the change in d value of spring water was relatively
stable, and this coincided with a period of precipitation during the rainy season, which to some extent
indicates that the groundwater in this period was likely recharged by the infiltration of water bodies
by precipitation and surface water. This was three months after the rainy season in the study area.
Therefore, it takes approximately three months for precipitation to infiltrate into the groundwater layer
in the study area.

Figure 5. Variation in the deuterium excess of groundwater with time in the study area.
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In the winter after rice harvesting, the Hani people need to plough the terraces to repair them.
This is the reason why the elevation effect on groundwater in the study area was not significant in
some months. The results of field investigation and research by local cultural researchers shows that
local residents in the study area are engaged in large-scale agricultural activities related to terrace
farming between November and January. This mainly involves the deep ploughing of terraces and
re-irrigation (Figure 6). During this period, the impervious layer originally formed in the terraces is
destroyed by human activity. Consequently, a large amount of field water or other surface water, for
example, ditch water is recharged to the groundwater layer, which strengthens the supply of surface
water to groundwater and thus weakens the elevation effect on groundwater in this period. The rapid
increase in the d value of groundwater in the study area from December to January also indicates that
there is a significant change in the supply water source during this period.

Figure 6. Spatial effect on groundwater under the influence of farming activities.

The ploughing activities are necessary for the maintenance of the terraces. Such activities also
accelerate the infiltration of terraced water, thus increasing the supply of terraced water to groundwater.
This provides sufficient water for groundwater recharge in the dry season and lays a solid foundation
for farming in the early dry season of the following year. This is one of the key factors for sustainable
cultivation in the Hani Terraces.

6. Conclusions

Through the testing and analysis of groundwater stable isotope samples at different elevations,
this study has revealed the characteristic variations and influencing factors of temporal and spatial
effects on the stable isotopes of groundwater in the Hani Terraces, which are under the influence
of high-intensity farming activities. It was found that moderate farming activities can increase
infiltration into groundwater. We also used the special temporal and spatial variation characteristics of
groundwater isotopes as a means to predict the source and periodic changes in groundwater recharge.

In terms of spatial effects, the degree of mixing between groundwater and surface water in
rice terraces maintained by farming activities is small, unlike dryland terraces. Stable isotopes of
groundwater in the terraces have significant elevation effects. The elevation gradients of δ18O and δ2H
were −0.88‰ (100 m)−1 and −4.5‰ (100 m)−1, respectively. The values in the terrace area exceeded
the elevation gradients of atmospheric precipitation. This indicates that the multi-source groundwater
recharge and farming activities in the study area create uncertainty about the location of surface water
infiltration, which increases or decreases the elevation gradient of regional groundwater. The elevation
gradient of groundwater can be used as a key index for assessing groundwater recharge.

In terms of temporal effects, rice cultivation is the key factor influencing the change in elevation
effect on groundwater in the terrace area. The high-intensity rice cultivation that takes place from
October to January accelerates the infiltration of surface water and strengthens the interaction between
groundwater and surface water, resulting in no obvious elevation effect in this period. According to the
temporal variation in the deuterium excess value of groundwater in the study area, it was inferred that
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the groundwater circulation time in the terrace area is approximately three months, and the sudden
increase in the d value from October to January is also related to high-intensity rice cultivation.

In addition, high-intensity rice cultivation during the period from October to January increases
the supply of terraced water to groundwater. This provides sufficient water for groundwater recharge
before the dry season and thus ensures the sustainability of rice cultivation activities in the terraces
during the dry season. This is one of the key reasons why the Hani Terraces have lasted for more
than 1300 years, and also reflects how human wisdom can play a role in the sustainable and benign
transformation of surface cover and the regulation of groundwater circulation.
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